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THE RELATION OF GREEN MANURES TO NITROGEN FIXATION! 


H. L. FULMER 
From the Agricultural Experiment.Station of the University of Wisconsin 


Received for publication March 12, 1917 


INTRODUCTION 


The lack of nitrogen and organic matter in many cultivated soils is noted 
by a decrease in the crop yield. This deficiency is most apparent in the older 
farmed soils where cultivation and removal of crops has been practiced for 
a number of years. In order that crop production may be increased, it is 
important to study the most economical method for supplying nitrogen and 
organic matter. The turning under of green manures offers a possible solu- 
tion. Aside from the plant-food returned with the green manure, it frequently 
benefits the physical and biological properties of the soil. The total number 
of soil microorganisms, as well as the different groups of microorganisms, 
is markedly influenced by the addition of green manure. This effect on the 
soil flora is reflected in the fertilizing constituents made available for plant 
growth. 

4. ny investigations have been directed toward this phase of the problem 
and much valuable information has been obtained concerning the relation of 
green manures to biologic processes in soil. From a review of the literature, 
it appears that the effect of green manures on nitrogen fixation deserves fur- 
t' - study. Accordingly, experiments were planned to investigate the rela- 
tior of green plant tissue to free nitrogen-fixing organisms. ‘The nature of 
the problem may be seen from the following brief review of the literature. 


HISTORICAL 


Berthelot (2) was the first to note a gain of nitrogen through the action of 
biological agents on the humus of the soil. In 1902 Henry (9) observed an 
increase in nitrogen when forest leaves were allowed to decompose in soil. 
His results were confirmed by Siichting (25) and Hornberger (11). 

Koch (15) found a 10 per cent increase in total nitrogen of soil which had 
been allowed to stand for 2} years. This increase he attributed to the 
assimilation of nitrogen by the non-symbiotic nitrogen-fixing organisms. 
Krzemieniewski (18) studied the gain in nitrogen with pure cultures of Azoto- 
bacter chroococcum, Radiobacter, and Granulobacter in solutions containing soil 


1 Published with the permission of the Director of the Wisconsin Agricultural Experi- 
ment Station. 
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humate. All cultures showed an increase in nitrogen from the use af 
humate, especially when the first two organisms were grown together. Remy 
and Résing (23) obtained similar results with the use of soil humate. They 
concluded that the iron contained in the humate probably acted as a stimu- 
lant for the nitrogen-fixing organisms. 

In a sandy soil, Koch and his associates (16) obtained nitrogen fixation by 
the addition of dextrose, cane sugar, or starch. There was practically no 
increase shown when straw, filter paper, or buckwheat was applied. The 
addition of green mustard in a dried, pulverized form resulted in a loss of 
nitrogen, which loss, they thought, was due partly to the escape of ammonia 
from the decomposing mustard. 

Koch (13) showed that the beneficial effect of sugar, i.e., gain in nitrogen, 
may be noted by an increase in crop yield. During the first year no increase 
was noted; however, in the second and third years the treated series showed 
an increase in crop yield. In a later publication (14) the same author noted 
that ceJlulose may be used as a source of energy for nitrogen-fixing organisms 
provided the time of incubation is long enough for the cellulose to decompose. 
The greatest gain in nitrogen occurred where the largest amount of cellulose 
was digested. For each gram of carbohydrate consumed, cellulose gave a 
greater fixation than dextrose. 

According to Hutchinson (12) winter applications of sugar and starch bene- 
fited the crop yield. However, spring applications failed to give an increase. 
He attributed this difference to the effect of the season on Azotobacter. Hoff- 
mann (10) found an increase of nearly 1000 pounds of nitrogen per acre as 
a result of three years’ treatment of soi) with sugar. Similar results were ob- 
tained with starch, but the gain was not so marked. In 1910, Marr (20) 
reported that straw alone when added to soil increased nitrogen fixation; 
sugar, also, favored this process. 

Experiments carried out by Pringsheim (22) showed that the nitrogen-as- 
similating organisms can make use of decomposing cellulose as a source of 
energy. Recent investigations by Bottomley (3) have shown that soluble 
humates may be used by the nitrogen-assimilating organisms. 

Hanzawa (8) employed humus from stable manure and from green manure 
as energy sources for Azotobacter. In solution he noted that stable-manure 
humus increased nitrogen fixation, while green-manure humus proved inju- 
rious. However, only a very limited number of determinations were made 
with green manures. 

Léhnis and Green (19) carried on similar experiments. They worked with 
mixed cultures of Azotobacter chroococcum, Beijerinckii, Vinelandii, and 
Vitreum. Beijerinck’s mannit solution® was used with the addition of about 
0.2 gm. of dried material to each 100 cc. portion of liquid. They compared 
the gain in nitrogen with stable manure, green (pea) manure, peat, and straw. 
Their results are given in the following table: 


?Tap water, 1,000 cc.; mannit, 20.0 grams; dipotassium phosphate, 0.5 grams. 
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RELATION OF GREEN MANURES TO NITROGEN FIXATION 


NITROGEN ASSIMILATED 
TN 100 cc. OF SOLUTION 
AFTER THREE WEEKS 


Fresh peat 
Green manure 


The results show that all of the organic substances, when added to the 
mannit solution, aided nitrogen fixation. Apparently straw, stable manure, 
and peat furnished the best sources of energy for the nitrogen-fixing organ- 
isms. These investigators stated that more nitrogen was assimilated by the 
mixed cultures than by any one of the individual strains. 

When the stable manure, green manure, peat, and straw were converted 
into humus under aerobic or anaerobic conditions, the effect on nitrogen fixa- 
tion was as follows: 


NITRUGEN ASSIMI- 
CONDITIONS FOR {LATED IN 100 Cc. OF 

HUMUS FORMATION | SOLUTION AFTER 

THREE WEEKS 


Aerobic 
Anaerobic 
Green manure Aerobic 

Aerobic 
Anaerobic 

Aerobic 
Anaerobic 


Stable manure 


After humification, the stable manure takes first place as an energy source 
for the free nitrogen-fixing organisms. This difference may be due to the 
higher content of cellulose material. Here, unlike Hanzawa’s results, green- 
manure humus, as well as the green manure, enhanced nitrogen fixation. 

In his.study of the carbon and nitrogen balance in the soil, Felber (7) ap- 
plied dried, pulverized straw and obtained nitrogen fixation in both sand and 
and clay soils. Brown and Allison (4) treated soil in pots with stable manure, 
straw, stover, and hay. Both leguminous and non-leguminous hays were 
employed. A gain in nitrogen was the result of these treatments. The tis- 
sue from non-legumes gave a greater gain than that from legumes. 

Because of their bearing on the experiments described in this paper, the 
results of Dvorak (6) deserve special consideration. He found that varying 
amounts of nitrogen are fixed when Azotobacter is grown in a solution con- 
taining carbohydrates from different sources. Comparisons were made of 
the amount of nitrogen fixed in the presence of glucose with that fixed from 
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oak leaves, clover, maple leaves, straw, alfalfa, corn stalks, lupine, corn roots 
and stubble, and pine needles. These materials were dried, ground, and 10- 
gram portions added to 250 cc. of tap water containing 1 per cent of calcium 
carbonate and 1 per cent of dibasic potassium phosphate, except clover, 
lupine, and alfalfa which were added in a green, crushed form. This solution 
was placed in 2-liter Erlenmeyer flasks, sterilized, and inoculated with a pure 
culture of Azotobacter chroococcum. The gain in nitrogen is shown in the fol- 
lowing table adapted from Dvorak’s results. 


NITROGEN ASSIMILATED 
MATERIAL tN 100 cc. OF SOLUTION 
AFTER FOUR WEEKS 


The value of corn stalks for nitrogen fixation is clearly shown by the figures 
in the table. Of all the substances, with the exception of glucose, corn stalks 
gave the highest gain in nitrogen. In a descending scale, clover and wheat 
straw rank next in stimulating nitrogen fixation. The indirect beneficial 
effect of plant tissue on nitrogen fixation is clearly established from the results 
given in this table. Dvorak concluded that the greatest gain in atmospheric 
nitrogen by Azotobacter chroococcum was obtained from compounds with low 
carbon and with high oxygen content. He thought the small fixation of ni- 
trogen in the case of pine needles was due partly to the presence of terpenes 
and tannic acid. 

Stoklasa (24) tested the availability of various sugars for Azotobacter chro- 
ococcum. A comparison of arabinose, saccharose, xylose, glucose, galactose, 
fructose, rhamnose, lactose, and maltose showed that in liquid cultures the 
highest fixation of nitrogen occurred with arabinose and the lowest with 
rhamnose. 

When Azotobacter was grown on polysaccharides, various alcohols, sugars, 
aliphatic and non-aliphatic organic acids, substances occuring widely in nature 
Mockeridge (21) noted fixation of nitrogen by this organism. 

From the preceding data, it seems certain that in a soil with the proper 
reaction, the common soil flora should give an increase in nitrogen provided 
a suitable source of energy is added. Based on these results, a series of ex- 


periments was planned to study the effect of green manures on nitrogen 
fixation. 
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RELATION OF GREEN MANURES TO NITROGEN FIXATION 


METHODS 


Two common field crops, a legume and a non-legume, were selected. These 
plants were chosen because of their difference in content of nitrogen and pen- 
tosan. The results of many analyses by Diiring (5) show that non-legumes 
are, as a rule, much higher in pentosans than are legumes. Since pentosans 
are easily hydrolized to pentose sugars, they are important from the stand- 
point of the independent nitrogen-fixing organisms. 

Red clover (Trifolium pratense), oats (Avena sativa), and wheat (Triticum 
vulgare) were used as green manures. The plants were cut into fine pieces 
with scissors and 1.5 per cent of the green tissue added to the soil, or 0.5 
per cent on the dry basis. This amount was selected because it approximates 
a good crop of wheat, oats, or clover. Total nitrogen analyses were made of 
five representative samples of tissue at the time it was added to the soil. The 
average of these analyses is given in the tabular data under the heading 
“nitrogen added to 100 grams of soil.” The nitrogen of the green manure 
was subtracted from the total analyses of the treated soil. 

Two types of soil were employed, one a field soil classed as Miami silt loam, 
and the other a garden soil classed as a member of the Clyde series. These 
two soils were selected because of their difference in organic matter. The 
field soil is medium low, while the garden soil is high in organic substances. 
The soils were sieved thoroughly, mixed, and 400-gram portions on the dry 
basis were weighed out. The green tissue was then added to the soil and the 
whole thoroughly mixed. In order to secure aeration, the soil was placed in 
shallow soup plates. These were incubated at 25°C. The soil moisture 
was maintained at 25 per cent, which represented about half saturation. At 
regular intervals, the loss by evaporation was replaced by the addition of 
distilled water. 

The first total nitrogen determination was made after 2 weeks and again 
after 4, 6, and 8 weeks. For each analysis one plate of soil from each 
similarly treated group was used. The soil was dried, pulverized, and 
thoroughly mixed on glazed paper. Ten-gram samples were then taken for 
analysis. 

In all nitrogen determinations the greatest care was exercised. Only the 
purest chemicals were used. The contents of the flasks were digested until 
clear and the heating continued for another hour to insure complete digestion. 
All analyses, unless otherwise stated, were made according to the Kjeldahl 
method modified to include nitrate nitrogen. The reagents were made up in 
amounts large enough to last throughout the work, thus insuring greater 
uniformity in results. The standard acid and alkali were frequently checked 
from time to time. The period of distillation lasted for at least an hour. 
The standard acid and alkali in these experiments were of N/10 normality. 
Cochineal was used as an indicator. 
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Nitrogen-fixation in garden soil treated with green clover and green wheat 


A series of plates was arranged as follows: 

a. Four plates of garden soil untreated. 

b. Four plates of garden soil plus 1.5 per cent of green clover. 
c. Four plates of garden soil plus 1.5 per cent of green wheat. 
The results of this experiment are recorded in table 1. 


TABLE 1 


Effect of green clover and green wheat on nitrogen fixation in garden soil 


of NITROGEN IN 100 GM. OF SOIL 

ao | 

| 

a 5 After two weeks After four weeks After six weeks After eight weeks 
No. TREATMENT 

o 
per cent mgm. | mgm. | mgm. | mgm.| mgm. | mgm. | mgm.| mgm. | mgm. | mgm.| mgm. | mgm. | mgm. 

1 None None /413.0 410.2 410.2 406.0 
2 None None /417.2 410.2 411.6 407 .4 
3| Nome | None (417.2 409.8) 
4 None None |417.2 411.6 410.2 403.2 
5 None None /417.2 407.4 407.4 407.4 
6| 1.5clover | 13.2 423.6* 413.8 413.8 406.8 
7 | 1.5clover | 13.2 419.4 412.4 413.8 405.4 
8 | 1.Sclover | 13.2 1422.2 5-411 1.9 
9 | 1.5clover | 13.2 /418.0 413.8 412.4 408 .2 
10 | 1.5clover | 13.2 423.6 412.4 411.0 411.0 
11 | 1.5 wheat | 11.5 425.3 412.7) 415.5 416.9 
12 | 1.5 wheat | 11.5 426.7 415.5 411.3 
13 | 1.S wheat | 11.5 418.3 422.2 5.81499 g/412-3 2.5414 4.454 3/411-6 5.6 
14 | 1.5 wheat | 11.5 |416.9 414.1 411.3 414.1 
15 | 1.5 wheat | 11.5 |423.9 412.7 412.7 404.3 


* The green manure nitrogen was subtracted from the total nitrogen of the treated soil. 


Different plates of soil were used for each analysis instead of taking samples 
of soil from the same plate. The decrease in nitrogen of the untreated soil 
after four, six, and eight weeks is due most probably to a change in methods 
and not to any actual loss of nitrogen. All the figures given in the vertical 
columns represent the results of analyses made at the same time, i.e., the 
methods followed were alike. 

It will be seen by an examination of the vertical columns of table 1 and 
figure 1 that in every case the treated soil, after allowance is made for the 
green-manure nitrogen present, showed a gain in nitrogen over the untreated. 
There was some variation in the amount of nitrogen assimilated depending 
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upon the period of incubation. The greatest gain was obtained two weeks 
after the green manure was added. 

A comparison of these two green manures indicates that clover is more 
beneficial during the early stages of decomposition, while wheat is beneficial 
for a much longer period of time. Apparently the non-legume gives a greater 
gain in nitrogen than the legume. This difference in favor of wheat is perhaps 
due to the higher content of carbohydrate material. 

Under the conditions of this experiment, it seems safe to conclude that 
green manures as clover and wheat when added to soil furnish some substance 
which benefits the nitrogen-fixing flora. 


b oc 5b CG b 
2 Weeks 4 Weeks 6 Weeks & Weeks 


Fic. 1. MiLiicRAMs oF NITROGEN FIXED IN 100 GrAms oF GARDEN SOIL AS A RESULT OF 
ADDING GREEN MANURE 


b, clover-treated soil; c wheat-treated soil. 


Nitrogen fixation in field soil treated with green clover and with green oats 


In order to measure the effect of green manures on nitrogen fixation in field 
soil, a series of plates was arranged similar to those in the preceding test, with 
the exceptions that green wheat was replaced by green oats and a different 
sample of green clover was used. The results of previous study showed that 
the field scil was lower than the garden soil in both organic matter and the 
total number of bacteria. For these reasons it seemed desirable to make a 
study of the effect of green manuring on nitrogen fixation in field soil. The 
arrangement of the experiment and the results secured are shown in table 2. 
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From the data in table 2 and figure 2, it will be seen that in every case with 
field soil the treated soil showed a gain in nitrogen beyond that of the un- 
treated. The results, in many instances, are similar to those of the preced- 
ing test. The greatest gain of nitrogen was shown two weeks after the green 
manures were added. The amount of nitrogen fixed varied at the different 
incubation periods. 

Here, as in table 1, a comparison of these two green manures indicates that 
clover is more beneficial during the early stages of decomposition, while oats 
are beneficial for a much longer period of time. From the data obtained with 


TABLE 2 
Effect of green clover and green oats on nitrogen fixation in field soil 


NITROGEN IN 100 GRAMS OF SOIT 


After two weeks After four weeks After six weeks After eight weeks 


NITROGEN ADDED TO 
100 GMs. OF SOIL 


per cent 
None 
None 
None 
None 
None 


.5 clover 
.5 clover 
.5 clover 
.5 clover 
.5 clover 


1.5 oats 
1.5 oats 
1.5 oats 
1.5 oats 
1.5 oats 


field soil, it is apparent that the non-legume gives a greater gain in nitrogen 
than the legume. This difference is most likely due to a higher content of 
carbohydrate material in the oats than in the clover. 

There is considerable variation in nitrogen in soil receiving the same treat- 
ment when examined at different intervals. These samples, as in the preced- 
ing experiment, were taken from different plates throughout the test instead 
of from the same plate. However, in every analysis the treated soil showed 
a gain in nitrogen beyond that of the untreated when examined at the same 
time. In comparing the figures of table 1 with those of table 2 the results 


8 
mgm. | mgm.| mgm. | mgm.| mgm.| mgm. | mgm. | mgm. | mgm. | mgm. | mem. | mem. | mgm. 
1 None |274.4 - [273.0 277.2 284.2 
2 None |274.4 274.4 280.0 285.6 
3 None |271.6 275.8 277.2 285.6 
a 4 None 
Dene 5 None [271.6 275.8 282.8 285.6 
Pi oe 6| 1 15.3 |281.5 280.1 284.3 288.5 
15.3 |281.5 281.5 281.5 288.5 
8| 1 15.3 |285.7 281.5 280.1 287.1 
10 | 1 15.3 |285.7 278.7 284.3 291.3 
7.3 |282.5 282.5 282.5 292.3 
ae 12 7.3 |283.9 282.5 288.1 292.3 
ae: 13 7.3 |279.7 283.9 282.5 290.9 
ned 73 9-Slogo 5|284-2] 9-019," 3|284.5] 3.81.0, °,1292.2] 6.6 
15 7.3 |279.7 289.5 283.9} 293.1 
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indicate that field soil responds to green manuring, i.e., nitrogen fixation, 


better than the garden soil. 
It appears that green manures as clover and oats when added to soil fur- 


nish some substance which benefits the nitrogen-fixing flora. 
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Fic. 2. MILLIGRAMS OF NITROGEN FIxeD IN 100 Grams oF FiELp Soin AS A RESULT OF 
ADDING GREEN MANURE 


b, clover-treated soil; c, oats-treated soil. 


Nitrogen fixction in field soil treated with green clover, green oats, and 0.5 per 
cent of mannit 


This experiment was made in order to determine whether an increase in 
nitrogen could be shown with the addition of a green manure in the presence 
of a small amount of mannit. The treatment was as follows: : 

a. Two plates of field soil plus 0.5 per cent of mannit. 

b. Two plates of field soil plus 0.5 per cent of mannit plus 1.5 per cent of 
green clover. 

c. Two plates of field soil plus 0.5 per cent of mannit plus 1.5 per cent of 
green oats. 

The samples of this series were analyzed after four and eight weeks. The 
results of this work are presented in table 3. 
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In reviewing the data in table 3 and figure 3, it will be clearly seen that soil 
treated with green manure and mannit gave a decided gain in nitrogen be- 
yond that obtained with the mannit alone. Here, as in the preceding ex- 
periments, the amount of nitrogen fixed varied with the time of incubation, 
especially with oats. The greatest gain is noted with oats 4 weeks after treat- 
ment. While the results vary somewhat, there is shown in every case a bene- 
ficial effect from adding green manures to soil of which the nitrogen-fixing 
flora had previously received a stimulus by the addition of mannit. 


TABLE 3 


Effect of green clover and green oats on nitrogen fixation in field soil containing 0.5 
per cent of mannit 


NITROGEN IN 100 GRAMS OF SOIL 
NITROGEN 
No. TREATMENT | {00 GRAMS After four weeks After eight weeks 
OF SOIL 
Total Average | Increase Total Average | Increase 
per cent mgm. mgm. mgm. mgm. mgm. mgm. mgm. 

1 None None | 282.8 289.8 

2 None None | 275.8 284.2 

3 None None | 277.2 | 276.9 289.8 | 286.2 

4 None None | 274.4 282.8 

5 None None | 274.4 284.2 

6 1.5 clover 16:3 1277.3 291.3 

7 1.5 clover 15.3 | 278.7 289.9 

8 1.5 clover 15.3 1-261.5 | 279.2 2:3 291.3 | 290.2 4.0 

9 1.5 clover 18:3 | 200:1 287.1 
10 1.5 clover 15.3 | 278.7 291.3 
11 1.5 oats 7.3 | 290.9 289.5 
12 1.5 oats 7.3 (O34 289.5 
13 1.5 oats 7.3 | 292:3 | 292.3 15.4 | 290.9 | 289.8 4.0 
14 1.5 oats 1729524 290.9 
15 1.5 oats 7:3 4269.5 288 .1 


Therefore, under the conditions of this experiment, it seems safe to con- 
clude that the green clover and the green oats benefited the nitrogen-fixing 
organisms. 


Effect of green manures on nitrogen fixation in solution 


If green manures cause an increase in the number of nitrogen-fixing bacteria 
it seems probable that green-manured soil will give a corresponding gain 
when used to inoculate Ashby’s (1) mannit solution. Aside from the greater 
number of nitrogen-fixing bacteria, it is very probable that the mannit added 
in the inoculum will have a beneficial effect on nitrogen fixation. 
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15 


14 
13 


12 


a bh a 8 
4 Weeks 8&8Weeks 


Fic. 3. MILticRAMS OF NITROGEN FIxepD 1n 100 Grams or FIELD Sor As A RESULT OF 
ADDING GREEN MANURE TO Sort ADDITIONALLY TREATED WITH MANNIT 


a, soil with 0.5 per cent mannit; b, clover-treated soil + 0.5 per cent mannit; c, oats- 
treated soil + 0.5 per cent mannit. 
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- In order to measure the effect of green manuring on the nitrogen gain in 
solution, 500 cc. Erlenmeyer flasks, each containing 100 cc. of mannit solu- 
tion, were inoculated with 10 gram portions of soil. Six flasks were inoculated 
from each plate of soil. One-half of these were immediately sterilized to serve 
as controls. These inoculations were made at the beginning of the experi- 
ment and repeated at intervals of two weeks, i.e., zero, two, four, six, and eight- 


TABLE 4 


Effect of green clover and green wheat on nitrogen fixation of garden soil in solution 


a NITROGEN IN 100 CC. OF SOLUTION AFTER 
2 
FS No weeks | Two weeks | Four weeks | Six weeks | Eight weeks 
9k Incubated Incubated Incubated | Incubated Incubated 
. B 16 days 10 days 7 days 14 days 14 days 
NO. TREATMENT 2% 2e 
per cent | mgm. | mgm mem mgm. mgm mgm. mgm mgm. mgm mgm 
None sterile None /41.02 41.58 44.38 41.72 42.98 
None sterile None 41.44 43.40 42.14 42.88 
None sterile None |41.02 41.72 43.40 42.56 43.40 
None not sterile None |49 .42 50.26 53.06 51.80 50.96 
None not sterile None /49.28 50.96 52.92 52.36 50.40 
None not sterile None /49.70 S152 52.08 50.96 52.08 
1.5 clover sterile 1.32 |42.08 41.66 42.78 41.94 42.22 
1.5 clover sterile 1.32 |41.80 42.36 42.92 41.52 
1.5 clover sterile 1.32 |42.64 42.22 42.54 41.94 43.34 
1.5 clover not sterile 1.32 |51.88 51.88 53.00 52.58 52.86 
1.5 clover not sterile 1.32 1.27 |51.88/0.60 |52.72|0.92 1.88 |53.56]1.73 
1.5 clover not sterile 1.32 |51.88 52.28 52.16 51.88 51.88 
1.5 wheat sterile 1.15 |41.55 41.13 42.39 41.97 41.83 
1.5 wheat sterile 1.15 |40.71 41.69 41.69 41.83 
1.5 wheat sterile 1.15 |41.41 41.55 42.39 41.83 41.55 
1.5 wheat not sterile 1.15 |50.65 55.85 53.31 50.79 50.93 
1.5 wheat not sterile 1 50.23) 1.13)54.15] 3.78/52.61] 1.49]51.35] 0.69]51.77| 1.27 
1.5 wheat not sterile 1.15 |51.49 54.71 52.61 51.07 50.93 


week periods after the manure was added. All of the cultures were kept at 
25°C. The time of incubation varied from seven to sixteen days; for the 
first set of inoculations, sixteen days; for the second set, ten days; for the 
third, seven days; and for the fourth and fifth tests, fourteen days. It was 
observed by Koch and Seydel (17) that Azotobacter assimilated the greater 
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part of its nitrogen in the early stages of growth. In order to determine 
whether the organisms assimilating nitrogen were stimulated soon after inocu- 
lations were made, the cultures were analyzed after short periods of incubation. 
The maximum length of incubation did not exceed sixteen days. 

At the end of each incubation period a total nitrogen determination of each 
flask with the Kjeldahl method not to include nitrates, was made. The 
results of the analyses are recorded in table 4. 


o b o 8 ¢ ab 
2 Weeks 4 Weeks 6 Weeks Weeks 


Fic. 4. MILLIGRAMS OF NITROGEN FIxep 1N 100 cc. oF ASHBy’s SoLUTION INOCULATED 
WITH TREATED AND UNTREATED SOIL 


Each set was inoculated at intervals of two weeks after starting the experiment, and these 
allowed to incubate for varying periods. a, untreated soil; 6, clover-treated soil; c, wheat- 
treated soil. 


The data in table 4 and figure 4 show that in every case green manures en- 
hanced nitrogen fixation. Although the gain in nitrogen is not large, how- 
ever, because of a number of parallel determinations, it seems safe to conclude 
that these substances benefit the fixation of nitrogen in solution. Wheat 
did not prove to be superior to clover as a stimulus to nitrogen fixation in 
solution. Clover gave the best results from inoculations made at the begin- 
ning of the treatment, and after six and eight week periods. Wheat did 
better than clover after decomposing for two and four weeks. However, the 
‘ maximum gain was noted with wheat after two weeks. In general these 
results fail to show any relation between the age of decomposing manure and 
the amount of nitrogen assimilated. 
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This increase in fixation may be due to one or more agencies: first a greater 
number of nitrogen-fixing bacteria; and second, to the green manure added 
in the inoculum. Because of the small amount of green manure in the inoc- 
ulum, it seems that the greater number of bacteria, as a result of the soil 
treatment, is probably the chief factor concerned with the gain in nitrogen. 


Fixation of nitrogen by pure cultures of bacteria 


For this test green wheat (Triticum vulgare) and red clover (Trifolium 
pratense) were crushed into a semi-fluid mass by grinding for several hours 
in a porcelain ball mill. To 1 liter of Ashby’s solution, minus the mannit, 
50 grams of the crushed tissue were added and the reaction adjusted to the 
neutral point of phenolphthalein. One hundred cubic-centimeter portions 
of the mixture were measured and poured into 1-liter Erlenmeyer flasks. 
Each 100 cc. portion represented 5 grams of green tissue or 1 gram of dry 
material. Both the oats and clover were near maturity and contained 
smaller amounts of moisture than the preceding samples. The flasks and 
contents were then sterilized in the autoclave and inoculated with a pure cul- 
ture of Azotobacter chroococcum which had been grown on a medium of the same 
formula. This same culture of Azotobacter had in previous tests shown a 
gain of 7.4 mgm. of nitrogen when grown in a 1 per cent mannit medium. 
One-half of the culture flasks were sterilized immediately after inoculation. 
These were used as controls. The entire set of flasks was placed in the 26°C. 
incubator for 28 days. At the end of this period total nitrogen determi- 
nations were made. The results are presented in table 5. 

From the results presented in table 5, it appears that Azotobacter, in using 
the carbon of green manures, can fix a very small amount of nitrogen. In 
general the results agree with those of Dvorak (6). The very high amount 
of nitrogen assimilated in his experiment with green clover was never ob- 
tained in these experiments. This may be due in part to a difference in the 
strain of Azotobacter or to a difference in ‘the composition of green tissue. 
However, it seems safe to assume that the carbohydrate in the green tissue 
available for this organism is small. Oat tissue apparently furnishes a better 
carbon source than clover. 

Before proceeding to a summary of the results of these experiments, it is 
desirable to present a brief estimate of the possible value of green manures 
for nitrogen fixation under field conditions. 

If an acre of soil 6 inches deep weighs 2,000,000 pounds, then the turning 
under of 30,000 pounds of green manure, or 1.5 per cent by weight of soil, 
should be followed by a nitrogen increase of 3 to 5 mgm. of nitrogen in 100 
grams of soil, or 60 to 100 pounds of nitrogen in one acre of soil. 
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TABLE 5 


Nitrogen assimilated by Azotobacter chroococcum in solution containing green clover and 
green oats 


Incubated for 28 days at 26°C. 


NITROGEN IN 100 CC. OF SOLUTION 
No. TREATMENT Clover Oats 
Total Average | Increase Total Average | Increase 
mgm. mgm. mgm. mgm. mgm. mgm. 

1 Sterile 25:5 16.8 

2 Sterile 2327 16.8 

3 Sterile 23:7 16.8 

4 Sterile f 16.8 16.8 

5 Sterile 2354 16.7 

6 Sterile 23-5 16.9 

7 Sterile 23.9 16.7 

8 Sterile 23.9 16.7 

9 Azotobacter 24.6 1728 
10 Azotobacter 24.4 17.9 
11 Azotobacter 24.3 17.6 
12 Azotobacter 24.3 24.4 0.7 17.6 V7 0.9 
13 Azotobacter 24.4 17.6 
14 Azotobacter 24.4 17.6 
15 Azotobacter 24.4 17.8 
16 Azotobacter 24.2 17.6 

SUMMARY 


The results of all experiments show an increase in the assimilation of ni- 
trogen due to the applications of green clover, wheat, or oats. This increase 
is noted both in solution and soil tests, and with pure cultures of Azotobacter 
growing in a medium containing green tissue. 

Two kinds of soil were used in these experiments and in each case a small 
gain in nitrogen was observed. The variation in nitrogen content, in the un- 
treated soil, is no doubt due to the error of analysis. The contents of sepa- 
rate plates were taken for analysis instead of portions of soil from the same 
container. 

The green manures, probably because of the nature of their carbon content, 
stimulated nitrogen fixation very soon after treatment. It is interesting to 
note that in the majority of cases, the greatest gain resulted with the use of 
non-legume tissue as wheat and oats. These materials contained less nitro- 
gen and more carbohydrate material, and decomposed more slowly than 
clover. 
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CONCLUSIONS? 


1. From the data obtained under thé conditions of the preceding experi- 
ments, it seems safe to conclude that green manures, as clover, wheat, or oats, 
when added to soil favor free nitrogen fixation. 

2. A gain in nitrogen was noted in both soils. The increase was highest 
with field soil, due perhaps to a greater number of nitrogen-fixing organisms. 

3. A gain in nitrogen was observed (a) where green tissue was applied to 
soil previously treated with a small amount of mannit; (b) where treated soil 
was used to inoculate Ashby’s solution; and (c) when a pure culture of Azo- 
tobacter was used to inoculate a sterile solution containing green tissue. 

4, The non-legume tissue stimulated fixation more than the legume, prob- 
ably because of the nature of its carbohydrate content. 

5. The results of these experiments in their entirety show that nitrogen 
fixation results from the addition of green manures to soil. Fortunately for 
the agriculturist, the plants giving best results are the ones lowest in nitro- 
gen content. 
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REVIEW OF LITERATURE 


If the value of an agricultural practice is determined by its age and uni- 
versality, then that of liming must be well established, for the use of lime 
has been common to all lands since antiquity. Sound instinct has deter- 
mined the use of lime and it is only the recent vogue of commercial fertilizers 
that has prevented liming from receiving the consideration which is its due. 
It is well known that the choice of one form of lime over another depends of 
necessity upon a variety of factors, such as soil texture, of organic matter 
content, items of cost, etc. It has been generally assumed in the past that 
burnt or slaked lime is more efficient than ground limestone for agricultural 
purposes. While much evidence has been offered to substantiate this claim, 
nevertheless, recent investigations have paved the way for the belief that 
limestone ground sufficiently fine may be considered as equivalent, if not 
superior, in value to the caustic forms of lime. Consequently, it is desirable 
to establish the possibilities and limitations of such contentions. To this end, 
one promising field of endeavor has furnished the basis for this investigation, 
namely, how do different grades of pulverized limestone influence crop yields, 
the chemical and bacteriological factors in soil fertility, and furthermore, 
how do they compare with the effects produced by burnt lime? More par- 
ticularly the problem has been attacked from the following standpoints: the 
effect of different degrees of fineness of pulverized limestone on crop yields on 
different soils; the rate of neutralization of soil acidity; the bacteriological 
processes of ammonification, nitrification and nitrogen-fixation; the loss of 
limestone in drainage and the composition of the drainage water. While 
these may at first appear to be primarily scientific considerations, an attempt 
will be made to indicate their direct practical significance. The conclusions 
arrived at when taken in conjunction with other considerations may well 
furnish the basis for choice in the purchase of lime and therefore have an 
essential bearing upon the farmer’s agricultural practice. 

In approaching the problem concerning the influence of the different de- 
grees of fineness of division of pulverized limestone, it is of interest to review 
the investigations pertinent to the subject at hand. 


1 A thesis presented to Rutgers College in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, 1917. 
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Heinrich (39) appears to be the first investigator to report such data. 
The following results were recorded by him in 1908. 


GRADES PEAS LUCERNE 
mm. grams grams 
1.5-2.0 32.0 17.1 
1.0-1.5 38.8 22.4 
0.5-1.0 43.3 28.9 
0.5 48.0 28.9 
No Ca + Fertilizer 22.6 0 
No Ca + No fertilizer 26.0 0 


He concludes from his work that the finer the grade of limestone the better 
the results obtained. 
Voelcker (110) has compared “coarsely ground with finely ground” limestone 
and burnt lime when applied to the ordinary Woburn soil in the usual manner 
for the growth of wheat. Although the author does not state the degree of 
pulverization, nevertheless, the yields with the finely ground material are 
superior to those obtained with coarser, whether calcium or magnesium lime- 
stones were employed. Further, burnt lime was inferior to ground limestone 
whether coarse or fine. This result, Voelcker maintains, “‘is quite borne out 
by experience on the field scale in the Stackyard Field (plot 2bb) where ap- 
plications of burnt lime have not shown good results at the outset in the 
case of wheat, but have required time to “work.” This opens up the question 
as to whether the “alkalinity” of the burnt lime applied has had an influence 
in lowering the crop yield; also a further question as to whether the changes 
due to the use of lime may not be of a biological rather than a chemical 
nature.”’ This interesting line of work is being prosecuted further by the 
author. 

H. von Feilitzen (22) has compared slaked lime with pulverized limestone 
of the following grades: 0.2 mm., 0.2 to 0.5 mm., 0.5 to 1 mm., 1 to 2 mm. 
and 2mm. He finds that slaked lime gives greater yields than calcium car- 
bonate and both increase with an increase in fineness of division. The data, 
however, are not regarded as conclusive and the need for further experimenta- 
tion is suggested. 

Brehmer (8) treated a loam soil with limestone of different degrees of 
fineness (no mention being made of the degree of pulverization). The finer the 
material the greater was the increase in crop yield, while a mixture of 67 per 
cent CaCO; with 33 per cent CaO proved superior to the most highly pul- 
verized limestone. In several instances in these experiments the increases 
between treatments were not greater than between duplicates receiving the 
same treatment. 

Gerlach (35) supports Baessler’s (4) contention that the solubility of calcium 
carbonate in marl increases proportionally with the amount of carbonate it 
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contains and the increased pulverization of the particles. The matter will 
bear further discussion in another connection. 

The Rhode Island Agricultural Experiment Station (92) has published the 
early results of an experiment dealing with the growth of mangels and carrots 
when treated with limestone of varying degrees of pulverization. Their 
results are as follows: 


TREATMENT MANGELS, 1913 CARROTS, 1914 
pounds pounds 


The material coarser than 1/20 inch had little effect in the first year but 
considerable effect in the second. Whether this is due to a crop difference 
or one depending primarily upon increased availability of the limestone is 
considered questionable. It is evident, however, that in both cases an in- 
crease in fineness of diyision of pulverized limestone was paralleled by an 
increase in crop yield. 

Thomas and Frear (104) have very recently published data indicating the 
importance of fineness of division in the use of pulverized limestone. The 
grades of limestone employed by them were as follows: 1/20 to 1/40 inch, 
1/40 to 1/60 inch, 1/60 to 1/80 inch, 1/80 to 1/100 inch, and finer than 1/100 
inch. Clover was grown in two soils held in paraffined baskets. The air- 
dry weights recorded indicate a progressive increase in yield as the limestone 
was more finely divided. This contention is limited by the fact that the 
authors obtained variations between soils receiving the same treatment as 
great as the differences between successive treatments. According to Frear 
the results of this investigation are being corroborated in a continuation series 
of experiments. 

Ames and Schollenberger (3) determined the lasting effects of magnesian as 
compared with calcareous stone ground to different degrees of fineness. While 
the crop yields show as yet no marked differences, which is probably due to 
the high fertility of the soil employed, the authors concluded that the fine- 
ness of limestone is an important factor in determining its effectiveness. 
Material 100 per cent of which passes 10-mesh and 50 per cent of which passes 
50-mesh and 35 to 40 per cent of which passes 100-mesh sieves is highly 
effective as a soil amendment; while material not finer than 1/20 inch produces 
but slight benefit in correcting soil acidity. Thus the results obtained in 
Ohio corroborate those of Pennsylvania, where it is recommended that ground 
limestone should pass at least a 60-mesh sieve. 

Since the following experiments included a comparison of burnt lime with 
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the different grades of pulverized limestone in many instances, it it relevant 
at this point to consider briefly the previous work bearing upon this subject. 
Several of our agricultural experiment stations have given this matter con- 
siderable attention and especially noteworthy are the results obtained at 
Pennsylvania which cover a period of more than thirty years (30). The 
crushed limestone plats have given consistently higher yields than the plats 
which received the burnt lime dressing. An interesting point, established as a 
result of pot experimentation, is that on soils having a lime requirement 
(Veitch) over 1000 pounds of CaO per acre, ground limestone is manifestly 
superior to calcium oxide, while the differences on more alkaline soils are 
slight and more variable. 

Patterson (85) also conducted field experiments for more than eleven years 
with caustic lime, by burning both stone and shells, and the carbonate of lime 
in ground shells and shell marl. The average crops of maize, wheat and 
hay were all larger on the plats treated with carbonate of lime. 

Adams (1) states as a result of comparative work that no appreciable dif- 
ference was noted in the benefit derived from an application of the same 
quantity of calcium oxide, whether in the form of ground limestone or in 
hydrated lime. In a recent bulletin of the Rhode Island Extension News 
Service a comparison of 80-mesh limestone with slaked lime shows that 
practically the same yield was obtained in each case 

Thorne (106) also has stated that “in actual practice, the experiments made 
by the Ohio Experiment Station have shown practically no superiority of one 
form of lime over another, provided the limestone has been so ground that 80 
per cent of it will pass a sieve having 100 meshes to the linear inch, and pro- 
vided also of course, that the two materials are used on the basis of actual 
calcium contained. 

Saul (95) recommends finely ground limestone as superior to burnt lime, 
without furnishing experimental evidence to that effect. 

Hardt (38) obtained larger yields with marl than with calcium oxide when 
applied in equivalent amounts to a heath soil under a five-year rotation with 
legumes every year. 

Hoffman (41) gives the results of 79 experiments upon 150 farms in 17 
regions of the German Empire. In most cases burnt lime was beneficial. On 
light soils poor in humus and in dry seasons the carbonate was superior to 
the quick lime. 

Meyer (73) grew mustard and beans alternately for four years in pots of 
sandy loam treated with different forms of lime. As a result of this experi- 
ment, the yields resulting from the application of ground limestone and cal- 
cium carbonate (c.p.) were calculated as 100 and the burnt lime received then 
a valuation of only 95. The ground limestone had the following mechanical 
analysis: 74.3 per cent of flour (equivalent to no. 100 Thomas slag sieve), 
21.4 per cent finer than 0.5 mm., and 4.3 per cent larger than 0.5 mm. but 
smaller than 10 mm. 
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Mooers (76) reports comparative experiments with ground limestone and 
caustic lime conducted for four years with a variety of crops including corn, 
wheat, oats, barley, sorghum, clover, grass, cowpeas and cotton. He con- 
cludes that ‘“‘in these trials two tons of ground limestone proved somewhat 
superior to one ton of burnt lime.” 

Voorhees, Lipman and Brown (113) concluded, with certain reservations, 
from their investigations of the comparative value of different forms of lime 
that “the carbonate led to the production of more dry matter, more nitrogen 
and more ash than did the burnt lime.” 

Porter and Gaut (91) conclude from their comparison of cob (kiln) lime, 
ground lime and ground limestone as top-dressings for various pastures, with 
and without manure, that ground limestone was more profitable for grass _ 
lands in need of lime than CaO. 

Yokayama (124) maintains as a result of experiments with oats grown in 
sand cultures that precipitated calcium carbonate is far more effective than 
fine limestone meal in increasing crop yield. 

Ellett (19) emphasizes the importance of relative cost in calculations con- 
cerning the use of different forms of lime and maintains that ground limestone 
gives results as good as those obtained with burnt lime. 

H. von Feilitzen (21) found that slaked lime gave greater yields than car- 
bonate, but the data are not conclusive. Ina later publication (22) the same 
author reported results obtained showing that calcium carbonate was as valu- 
able as burnt lime on acid soils poor in lime. 

Wright (123) in investigations conducted on medium and light soils found 
that in the beginning burnt lime was superior to gas lime, but that in the 
seven succeeding years of the rotation, the latter was much more beneficial. 
In that period it gave a total increase of more than three times the value of 
that produced by burnt lime and because of the lower cost proved much more 
profitable. 

Rigg] (93) found that calcium carbonate as a top-dressing was preferable to 
burnt lime except where the latter was used in very small amounts. He is of 
the opinion that burnt lime is better than calcium carbonate because of the 
physical and bacteriological effects resulting from the finer state of division 
of the particles. 

Voelcker (111) states as a result of some grass experiments that “‘it is still 
early for the application to tell, but at the present time if any plots were 
selected for choice they would be plots 4 and 5 where ground limestone and 
ground chalk, respectively, have been used. Ground lime also seems to have 
done better than lump lime.” 

Barker and Collison (5) discuss the superiority of ground limestone over 
burnt lime, and, without publishing data, conclude that 10-mesh limestone is 
to be recommended. 

Rothert (94) in noting the depressing effect upon crop yield of increased 
quantities of burnt lime find that on a loam soil barley gave a greater yield 
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with 0.5 per cent cf calcium carbonate than with 0.25 per cent of burnt lime. 
In sand the reverse was true. ‘ 

Lauder, Fagan and Steele (58) record the beneficial effects of ground lime 
and waste carbonate for finger and toe disease. They state that when the 
latter product is available it may be employed instead of burnt lime with 
satisfactory results. 

Grantham (36) in a preliminary report asserts that “results thus far indi- 
cate that the carbonate of lime is practically as effective as the burned forms 
of lime in promoting the decomposition of organic matter and the availability 
of nitrogen.” 

The effect upon soil reaction of applications of limestone has been the 
subject of investigation by the Pennsylvania Agricultural Experiment Station 
(29, 117, 118). In this connection it may be stated that Dr. W. Frear has 
contributed one of the most valuable and comprehensive surveys of the 
literature dealing with liming (30). Because of the thoroughness of his recent 
bulletin it has been unnecessary in the present instance to do more than 
briefly indicate the nature of the problems attacked by various investigators 
concerning pulverized limestone. A more complete discussion will be found 
in the above-mentioned bulletin which has furnished material for this bibliog- 
raphy. In an experiment on nitrification, White (118) found that at the 
end of four weeks an increase in fineness of division of limestone used was 
responsible for a corresponding decrease in the lime-requirement of the soil. 
The influence of crops upcn soil reaction has also been an interesting point 
established by Gardner and Brown (34) in plot experiments with white clover. 
In general it was found that the soils of the unlimed plots showed an increase 
in acidity on the average after the crop roots had been removed, and even 
those limed or treated with fine carbonate of lime in quantity sufficient to 
neutralize the original acidity were found to be acid to a slight degree after the 
crop was removed. 

Veitch (109) has observed that different plants affect the soil reaction 
differently. 

Lipman and Blair (64) found in the course of field experiments that after 


‘a number of years plots (including one series unlimed, the other treated with 


limestone) were acid; those of the unlimed groups requiring from 1000 to 2000 
pounds (average 1840 pounds) of lime per acre, while those of the limestone- 
treated group averaged about 700 pounds. Volunteer clover sprang up on 


‘most of these plots, but its yield on the limed plots was double that on the 


unlimed. 
The beneficial effect of ground limestone upon the growth of legumes has 
been observed by the following investigators: Biessler (4), Hardt (38), Lip- 


‘man (63), Stevenson and Weston (100), Peter and Jones (88) and many 


others. 
Various technical phases as well as general discussions pertaining to ground 
limestone have been treated in an interesting manner by Ames (2), Bernard 
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(6), P. E. Brown (14), Dumont (18), Fippin (23), Fischer (25), Frear (30), 
Frear and Thomas (31), Johnston (50), Morse (77), Neuffer (81), Pfeiffer 
(90), Simmermacher (99), Strebut (101), Takeuchi (103), Wheeler (115) and 
Whitson and Weir (119). 


THE EFFECT OF FINENESS OF DIVISION OF PULVERIZED LIMESTONE ON CROP 
YIELD, NITROGEN CONTENT AND LIME-REQUIREMENT OF VARIOUS SOILS 


It is apparent from the foregoing review that there is a paucity of experi- 
mental evidence concerning the different grades of pulverized limestone and 
their relative value compared with the burnt forms of lime. The practical 
significance which attaches to this problem is responsible for the following 
greenhouse experiments which were begun in the summer of 1914. Crimson 
clover was grown on soils which may be regarded as typical of rather ex- 
tensive fertile areas in the United States. These were respectively desig- 
nated as Carrington (Iowa) silt loam, Wooster (Ohio) silt loam, Cumber- 
land (Tennessee) silt loam, Norfolk (Virginia) sandy loam, Sierra (California) 
sandy loam and Portsmouth (New Jersey) acid muck. They were obtained 
through the courtesy of Dr. P. E. Brown, Prof. C. E. Thorne, Prof. C. A. 
Mooers, Dr. J. W. Schoene and Dr. J. G. Lipman. The procedure was to 
fill 10-pound glazed earthenware pots with soil to which was added 2 grams 
of acid phosphate (14 per cent P.O;) and 1 gram of potassium chloride (50 
per cent K,0). (All soils used in this and following experiments were from 
unlimed and unfertilized plots and were air-dried, thoroughly mixed, and 
sieved through a 12-mesh sieve.) Limestone was then added which had been 
pulverized and hand-sieved as follows: 20 to 40-mesh, 60 to 80-mesh, 100 to 
200-mesh and finer than 200-mesh, as well as calcium oxide (c.p.) which had 
been ground in a mortar. The limestone used was a uniform crystalline grey 
limestone having the following composition: 


per cent 


The lime was added in quantities sufficient to neutralize the soil acidity 
as determined by the Veitch method. The lime-requirements of the different 
soils in pounds of CaO per acre were as follows: Carrington silt loam, 3700; 
Wooster silt loam, 4000; Cumberland silt loam, 3400; Norfolk sandy loam, 
2300; Portsmouth acid muck, 8733; and Sierra sandy loam, alkaline. Thirty 
tested seeds of crimson clover were planted in each pot on February 10. The 
plants were thinned to 15 in number by April 15 and the pots kept at opti- 
mum temperature and moisture conditions, being made up to weight twice 
weekly. The crop was harvested June 29. During the warm weather thrips 
attacked the plants and frequent spraying with nicotine sulfate became neces- 
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sary. However, the crops were not unduly injured. The results of the crop 
yield (dry matter), per cent of nitrogen, nitrogen content in grams, and origi- 
nal and final lime-requirements are recorded in tables 1 and 2. 


TABLE 1 


The effect of fineness of division of pulverized limestone on crimson clover and lime-requirement 


Norfolk sandy loam 
gms. | gms. | gms. dl gm. | pounds | pounds | pounds | pounds 
Check (Minerals)......... 17 .9)18 4/1 2,300 | 2,500 | 2,600 | 2,600 
5.9 grams, 20-40 mesh. . .|18.9}22 .2|20.6)1.63]/1.75]1.69/0.35} 2,300 | 1,600 | 1,700 | 1,700 
5.9 grams, 60-80 mesh. . .|23.7/26.9)25 . 3/2 .04/2 .06/2.05/0.52} 2,300 | 1,000 | 1,300 | 1,200 
5.9 grams, 100-200 mesh. |23.3/26.0/24.7|2.04|2.06/2.05/0.51} 2,300 | 1,000 | 1,000 | 1,000 
5.9 grams, 200 + mesh... |26.5/27.3/26.9/2. 10/2 .09/2.10/0.56) 2,300 | 700} 1,000} 900 
3.2 eins, 29 2,300 | 900 1,000 | 1,000 
Wooster silt loam 
Check (Minerals)......... 4.9) 5.6] 5.3]1.48]1.37/1.43/0.08] 4,000 | 4,100 | 4,000 | 4,100 
10.9 grams, 20-40 mesh. .| 7.3/10.4/ 8.9/1.86)1.88/1.87/0.35| 4,000 | 2,700 | 2,700 | 2,700 
10.9 grams, 60-80 mesh. .}18. 1/20.5/19.3/1.97/1.93)1.95/0.38] 4,000! 100} 300] 200 
10.9 grams, 100-200 4,000 , 200; 200] 200 
10.9 grams, 200 + 4,000 | 600) 500 
6.1 grams, CaO......... 4,000 | 200; 200] 200 
Carrington silt loam 
Check (Minerals)......... 26.9/18 .8)22 .9/2.01/2 .00/2.01/0.46) 3,700 | 3,800 | 3,700 | 3,800 
10.0 grams, 20-40 mesh. .|28 .0/30.2/29. 1)1.89/1.85/1.87/0.54| 3,700 | 2,400 | 2,800 | 2,600 
10.0 grams, 60-80 mesh. .|26.3}30.1/28.2/2.06/2.12/2.09/0.59} 3,700 | 1,200 | 1,900 | 1,600 
10.0 grams, 100-200 mesh/25 .6|32 .9/29 3/2 3,700} 100] 100 
10.0 grams, 200 + mesh. .|31.5)33.6]32.6/2.17|/2.21|2.19|0.71] 3,700} 100} 100} 100 
5.6 germs) 30. 7/39 .5)35. 1/2 .04/2 .03/2.04/0.72| 3,700} 300} 500] 400 
Cumberland silt loam 
Check (minerals).........| 7.6} 7.7) 7.7}1.41]1.41/1.41/0. 11} 3,400 | 4,000 | 4,000 | 4,000 
9 grams, 20-40 mesh..... .}10.0)10. 6/10. 3,400 | 2,700 | 2,700 | 2,700 
9 grams, 60-80 mesh... . .|24.7/12.7|18 .7/2.07/2 .04/2.06/0. 39} 3,400 | 1,900 | 1,500 | 1,700 
9 grams, 100-200 mesh... .}18.8/19 4/19. 3,400 | 1,100 | 1,100 | 1,100 
9 grams, 200 + mesh..... 19.7|20.7|20.2/2 .00/2 3,400} 900} 800 
5 grams, CaO........... .05/2 .04)2 .05/0. 33) 3,400 | 1,100 | 1,600 | 1,400 
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TABLE 2 


The effect of fineness of division of pulverized limestone on crimson clover and lime-requirement 


AVER- 
AGE 
NITRO- 
GEN 


TOTAL 
NITRO- 
GEN 


NITRO- 
GEN 


DUPLI- | AVER- | NITRO- 
CATE AGE GEN 


|WEIGHT 
TREATMENT OF CROP 


Sierra sandy loam 


grams | grams | grams | percent! percent | percent| gram 
Wheck (Minerals) 34,7 | 2:06 | 2:01 || 2:04") 
2.6 grams, 20-40 mesh............... 37.0 | 41.5 | 39.8 | 1.94 | 1.92 | 1.93 | 0.77 
2.6 grams, 60-80 mesh........... ‘....] 44.6 | 45.3 | 45.0 | 1.92 | 1.90 | 1.91 | 0.86 
2.6 grams; 100-200 mesh. . ............. 64: 36.5 | 38.0 | 37.2 | 1.68 | 1.70 | 1.69 | 0.63 
S21 | 32.9 | 1793) 1.88 | 1291 10:63 
ame | 27:8 | 29:4 | 1.80) 1.77 | 1579: 0.53 


Portsmouth acid muck 


2 grams, 20-40 18:9] 18.5 | 18:7 | 1.66 | 1,62 | 1.64 0.31 

2 grams, 60-80 mesh..................| 21.9 | 22.0 | 22.0 | 2.04 | 2.10 | 2.07 | 0.46 

2 grams, 100-200 mesh...... | 25-8 212) | 214 | 0:51 

Commercial, 200’ 23.2 | 24.2 | 23.7 | 2.10 | 2:04 | 2.07 | 0.49 
Discussion 


To facilitate the discussion of the results recorded in tables 1 and 2, a sum- 
mary is presented in table 3. 

Table 3 shows the relative effect of fineness of division of pulverized lime- 
stone and burnt lime on crop yield on five typical soils. It will be observed 
that in the case of the Norfolk sandy loam an increase in fineness of division 
was accompanied (with one exception) by an increase in. crop yield. The 
200-mesh gave a yield almost one-third greater than the 20-mesh limestone. 
On this soil burnt lime proved superior to even the finest grade of limestone. 
The Wooster silt loam likewise exhibits an increase in crop yield with an in- 
crease in fineness of division of pulverized limestone up to the finest grade. 
It will be noted that the burnt lime, as well as the latter, falls below the 
yield obtained with 100-mesh limestone. This may be interpreted as indicat- 
ing that the 200-mesh limestone and burnt lime were especially active in the 
neutralizing of the soil acidity at the outset of the experiment, but permitted 
a greater subsequent accumulation of acidity. The Carrington silt loam re- 
sponded to an increase in fineness of division of pulverized limestone which 
was responsible for an increase in crop yield (with one exception). The burnt 
lime proved superior to all grades of limestone on this heavy soil rich in 
organic matter. The Cumberland silt loam otherwise shows very strikingly 
that an increase in fineness of division of pulverized limestone is accompanied 
by an increase in crop yield. In this case the 200-mesh proved to be doubly 
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as efficient as the 20-mesh limestone. The burnt lime was slightly inferior to 
the former. Thus, averaging the results for these soils in the last column of 
table 3, it will be seen that with an increase in fineness of division of pul- 
verized limestone there was a proportional increase in crop yield. Further- 
more the 200-mesh proved to be fully one-third again as valuable as the 20- 
mesh limestone. Practically all the forms of lime gave double the yield 


TABLE 3 
Summary showing relative effect of fineness of division of pulverized limestone and CaO on the 
crop yield, total nitrogen in grams, and decrease in per cent of lime-requirement of five 
typical soils 


~ NORFOLK WOOSTER |CARRINGTON CUMBER- SIERRA 
TREATMENT SILT LOAM SILT LOAM AVERAGE 
Crop yield 
100 100 100 100 100 100 
20-40 mesh.............. 112 357 127 134 145 183 
60-80 mesh.............. 138 364 123 243 130 217 
100-200 mesh............ 134 419 130 248 108 233 
146 404 142 262 95 239 
161 398 153 208 85 230 


Total nitrogen in grams 


100 100 100 100 100 100 
| ean 159 438 117 136 108 213 
236 475 128 355 121 299 
100-200 mesh. ........... 231 500 139 336 89 302 
255 475 154 373 89 314 
438 157 300 75 291 


Decrease in lime-requirement 


100 100 100 100 100 
135 134 132 133 134 
154 195 158 158 166 
100-200 mesh. ........... 162 195 197 173 181 
Oe 165 188 197 180 183 
162 151 189 165 167 


* Not averaged. 


obtained on the unlimed soils. There is little choice between the yields ob- 
tained with burnt lime and 200-mesh limestone since each was superior in two 
of the four instances. Obviously, the chemical and physical nature of the 
soil, together with its content of organic matter, are the determining factors 
in the interpretation of such results. 

The Sierra sandy loam which was originally alkaline presented a peculiar 
phenomenon, namely, the coarser limestones which act more slowly gave an 
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increased crop yield while the finer material and burnt lime were responsible 
for a decrease. The interpretation which many placed upon these facts is 
that the more rapidly-acting forms of lime cause certain chemical transfor- 
mations to take place in the soil which prove unfavorable to crop growth. 
The results obtained with Portsmouth acid muck are presented in table 2. 
Here again it is evident that an increase in fineness of division of pulverized 
limestone is accompanied by an increase in crop yield. It is interesting to 
note that with the commercial product used (‘‘Edison Pulverized Limestone,” 
80 per cent of which is guaranteed to pass a 200-mesh sieve) the crop yield 
was identical with that obtained with 100 to 200-mesh material, thereby 
fulfilling its guarantee by crop yield as well as mechanical analysis. 

The importance of the nitrogen content of a leguminous crop is univer- 
sally recognized alike for its feeding value and its fertilizing value in a cover 
crop. Summary table 3 shows the relative effect of fineness of division of 
pulverized limestone and burnt lime on the total nitrogen (in grams) of crim- 
son clover. It is apparent that in practically all instances the crop yield is 
paralleled by the total nitrogen content; that is, with an increase in fineness 
of division of pulverized limestone there is an increase in the total nitrogen 
content of the crop. This is well illustrated in figure 1. 

Undoubtedly, a highly essential consideration in the choice of the dif- 
ferent forms of lime (aside from the paramount one of cost) is the power to 
neutralize soil acidity. In the present experiment, the Veitch lime-require- 
ment of the various soils was determined at the outset, as previously recorded. 
After the crops had been harvested representative samples were obtained from 
each pot and the lime-requirement again determined. In this manner it was 
possible to obtain an index as to the reduction in the lime-requirements of 
these sc.is by the different forms of lime employed. While the Veitch method 
is open to objection for this purpose because of the fact that any residue of 
limestone would be soluble to the degree of its fineness and thus artificially 
weight the results, nevertheless, this method was adopted since it is so widely 
used and great accuracy is not imperative. It is, then, interesting to note 
that with but few exceptions an increase in fineness of division of pulverized 
limestone is responsible for a proportional decrease in the lime-requirements 
of the soils under consideration. As shown in table 3, the 200-mesh proved 
to be two and one-half times as effective as either the 60-mesh limestone or 
burnt limestone. The explanation previously suggested may be offered again 
in this connection, namely, the burnt lime may have been much more efficient 
in reducing the lime-requirement initially, but that it was used up so rapidly 
as to allow a subsequent development of acidity. In general the decrease in 
lime-requirement as a result of fineness of division is quite closely correlated 
with crop yield and total nitrogen content as shown in figure 1. 

Thus the points which have been established in this experiment may be 
summarized as follows: 
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1. Soils representative of extensive fertile areas namely, Norfolk and 

i Sierra sandy loams, Carrington, Wooster and Cumberland silt loams and 
: Portsmouth acid muck, when growing crimson clover in pots, produced similar 
results when treated with limestone pulverized 20 to 40, 60 to 80, 100 to 200, 


hie finer than 200-mesh and burnt lime (c.p.). 
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Fic. 1. DiaGRAM SHOWING THE EFFECT OF DIFFERENT DEGREES OF NITROGEN, IN GRAMS, 
AND THE DECREASE IN LimE-REQUIREMENT OF SEVERAL SOILS, EXPRESSED IN PER CENT 


2. An increase in fineness of division of pulverized limestone was accom- 
panied by a proportional increase in crop yield and total nitrogen content 
and a corresponding decrease in lime-requirement, a close correlation existing 
between these factors. 

3. Two-hundred-mesh proved one-third again as effective in influencing 
crop yield as 20-mesh limestone, and more than twice as effective in reducing 
the lime-requirement of soils. 
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4. There was little choice between burnt lime and 200-mesh limestone, 
though in general the latter appeared preferable. Burnt lime proved superior 
to coarse limestone. 


THE RATE OF NEUTRALIZATION OF SOIL ACIDITY AS INFLUENCED BY DIFFERENT 
DEGREES OF FINENESS OF PULVERIZED LIMESTONE 


In view of the enhanced effects accruing from the increased fineness of 
division of pulverized limestone, the practical question arose regarding the 
value of the different grades of pulverized limestone and burnt lime with 
regard to the rate of neutralization of soil acidity. Obviously, this is of 
great significance to the farmer who is seeking to neutralize the soil acidity 
so that a crop may be planted without undue delay. Since no previous work 
bearing directly upon this point could be found it became necessary to devise a 
method for measuring the rate of neutralization of acidity in soil treated 
with different grades of limestone and burnt lime. The Veitch method hardly 
lent itself to this purpose because of the fact that the water-bath treatment 
would result in different quantities of residual limestone going into solution, 
thereby invalidating any comparative results. Therefore, it was deemed ad- 
visable to measure the rate of neutralization by the carbon dioxide evolved. 
This was accomplished by adding a known amount of limestone to the soil 
(sufficient to satisfy the Veitch lime-requirement) which was calculated to its 
carbon dioxide content. At certain intervals the carbon dioxide remaining 
in the soil was determined, the loss of carbon dioxide compared with the 
original carbon dioxide content representing the amount of limestone which 
had been used up in neutralizing the soil acidity. The method employed is 
virtually a modification of that used by Tacke (92) and Truog (108), the ap- 
paratus being arranged as in figure 2.7 

The procedure was as follows: 


Ten grams of soil were placed in the 250-cc. Florence Flask (A) and 15 cc. of HCI (1: 3) 
run in through the separatory funnel (B). Enough boiling water was then added to make 
up a volume of about 75 cc. and the solution heated up to the boiling point in two min- 
utes and kept there for one minute. The heat applied with a Bunsen flame was regulated 
in such a manner as to keep the rate at which the bubbles passed through the tower of 
beads (D) approximately constant and not very rapid. The tower (D) held a measured 
quantity of Ba(OH)2 and a few drops of phenolphthalein, as did the 200-cc. Erlenmeyer 
flask at E which served as a safety flask for any carbon dioxide which might not be held 
at D. After heating for three minutes the pinchcock at C was closed and the flask A filled 
with boiling water from an inverted wash bottle. In order to do this properly it was usu- 
ally necessary to suck on the rubber tube at G while cautiously opening the pinchcock at C. 
Any sudden changes in room temperature or air currents from open windows, etc., must be 
guarded against. When the water mounted to F the stop-cock at that point was closed; 
thus all the carbon dioxide present in the Florence flask has been displaced by boiling water. 
The barium hydrate solution in D (standardized so that 1 cc. was equivalent to 0.23 mgm. 


? The writer is indebted to Mr. R. E. Curtis for his valuable suggestions in this connection. 
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of CO:) was then emptied into a funnel placed in a 500-cc. Erlenmeyer flask. The beads 
remained on the funnel and were thoroughly washed with boiling water, as was the cham- 
ber D and the flask E, the contents of which also had been emptied. The solution of Ba(OH)»2 
was then titrated with oxalic acid equal in strength to the Ba(OH)2. Thus the amount of 
Ba(OH). which was used in absorbing the carbon dioxide evolved was determined and the 
latter calculated accordingly. It might be mentioned that when small quantities of Ba(OH)s 
were placed in D enough CO,-free water was added to bring the volume just below the 
connecting tube, and a small quantity of water was added also to E, so that the tube dipped 
below the liquid. The ease in manipulation and the fact that it required only ten to fifteen 
minutes to complete a determination were primary considerations in the adoption of this 
method. The duplicates checked quite closely. 
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Fic. 2. DIAGRAM OF APPARATUS USED IN DETERMINING CARBON DIOXIDE IN SOIL 


The following investigators have considered the solubility of calcium car- 
bonate. Cameron and Bell (15), Holleman (43), Le Blanc and Novotny (59), 
Schloessing (97), Treadwell and Reuter (107), Warington (114), Whipple and 
Mayer (116), while Gerlach (35) has compared the solubility of limestone pul- 
verized to different degrees of fineness. With regard to the difference in the 
number of particles per cubic foot of limestone when pulverized to different 
grades, the following data have been obtained through the courtesy of Dr. H. 
E. Kieffer. One cubic foot of limestone will make 64,000,000 pieces which will 
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pass a 12-mesh sieve, and 512,000,000,000 pieces which will pass a 200-mesh 
sieve; thus the finer grinding in this case means 8000 times the number of 
particles obtained with the coarser grinding. Or calculating it in another 
way, 1 ton of 12-mesh limestone when applied to the soil would give 17,337 
pieces for each square foot, while 1 ton of 200-mesh limestone would give 
13,869,051 pieces per square foot. The importance of this both from the 
point of uniform distribution and increased solubility cannot be over-estimated. 

The influence of calcium carbonate on organic matter has been the subject 
of investigations by Frear (30), Kossowitch (55), Lemmerman (60), Peterson 
(89) and Wollny (121). It is evident that the organic matter of the soil would 
be attacked in varying degrees by different grades of pulverized limestone. 

The present experiment was carried‘ out first with Norfolk sandy loam and 
Penn clay loam and later with Sassafras sandy loam. Five-pound glazed 
earthenware pots were filled with 1500 grams of Norfolk sandy loam and 1200 
grams of Penn clay loam, respectively. The lime-requirement of the former, 
according to the Veitch method, was 2200 pounds and the latter 1100 pounds 
of CaO per acre. Limestone of the different grades previously referred to and 
burnt lime (c.p.) were added in sufficient amount to neutralize the lime-re- 
quirements of the soils to be treated. The amount of limestone added was 
calculated on the basis of 90 per cent purity. Each treatment was carried 
out in duplicate, and untreated soils served as checks. The pots were 
tared, filled with the proper quantity of soil, 20 cc. of a soil infusion (known to 
contain the more important soil organisms in abundance) were added and 
enough distilled water to bring the soils up to their respective optimum mois- 
ture contents, namely, 13 per cent for the Norfolk sandy loam and 26 per 
cent for the Penn clay loam. The pots were supplied with glass covers to 
prevent evaporation and incubated in a dark room at 20°C. for 7 weeks. 
Moisture was added as required to the soils uniform throughout the duration 
of the experiment. At the end of 3 weeks, the soil in each pot was care- 
fully mixed and a representative sample of 100 grams removed, dried and 
analysed for carbon dioxide content by the method previously described. The 
same procedure was repeated at the end of 7 weeks. 

In table 4 will be found the amounts of CO, present, in the soils variously 
treated at the end of 3 weeks. The last column of the table was calcu- 
lated in the following manner. The amount of limestone applied per 10 grams 
of Norfolk sandy loam was equivalent to 5.7 mgm. of CO2. The check soils 
indicated the presence of 3.8 mgm. of COs, therefore, the total CO, content 
of each soil was 9.5 mgm. The CO; found to be present in 10 grams of soil in 
each pot after 3 weeks was then subtracted from 9.5 mgm. of CO, and the 
remainder recorded the mgm. of CO, used (calcium carbonate) in neutralizing 
soil acidity. It is evident from the results secured with both Norfolk sandy 
loam and Penn clay loam that an increase in fineness of division of pulver- 
ized limestone was accompanied by a proportional increase in the amount of 
calcium carbonate used up in neutralizing the acidity of the soil. The chief 
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point of interest, however, lies in the fact that the limestone finer than 60-mesh 
had neutralized the soil acidity at the end of 3 weeks, while this was not 
the case with the 20-mesh product. It appears that the finer grades of lime- 
stone, as well as the burnt lime (which had also neutralized the soil acidity in 
this period of time) had begun to attack the organic matter of the soil. 

The results obtained at the end of 7 weeks as shown in table 5 indi- 
cated that the coarse limestone had very nearly succeeded neutralizing the 
soil acidity in the Norfolk sandy loam but was not quite so effective in the 
Penn clay loam. The other grades of limestone exhibited practically no 
differences other than those already noted. Thus from the foregoing data it 
appears that the finer grades of limestone neutralize the soil acidity in 3 


TABLE 4 


The effect of fineness of division of pulverized limestone on the neutralization of acidity as meas- 
ured by COs present after three weeks’ incubation 


TREATMENT CO: CO: AVERAGE CO2 
Norfolk sandy loam 

mgm. mgm mgm. mgm 
6.3 7.5 6.9 2.6 
| 3:2 3.2 6.3 

Penn clay loam 


weeks even in soils of such widely divergent types as those employed in the 
present instance. In this respect they proved to be as efficient as burnt 
lime. The coarser limestone, on the other hand, required more than double 
this period of time to neutralize the soil acidity. Wilkins (120), in unpub- 
lished data, has shown that in a given period of time an increase in fineness 
of division of pulverized limestone is responsible for an increased production 
of CO, and nitrates. 

In order to obtain further corroboration of the points brought out in the 
preceding experiment, the latter was repeated under similar conditions with 
another soil, namely, Sassafras sandy loam having a lime-requirement of 3300 
pounds of CaO per acre. An additional feature was the use of two and one- 
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half times the amount of 20-mesh limestone as required in order to determine 
whether larger amounts of coarser limestone would be as effective as smaller 
amounts of*finer material in a short period of time.? This seemed advisable 
in view of the fact that the pot experiments previously referred to indicated 
that the 200-mesh limestone was most effective in neutralizing acidity and 
further because the same proportion was maintained with regard to the rate 
of time required for neutralization. 


TABLE 5 


The effect of fineness of division of pulverized limestone on the neutralization of acidity as meas- 
ured by COs present after seven weeks’ incubation 


TREATMENT COz CO2 AVERAGE CO2 COs 
Norfolk sandy loam 
mgm. mgm. mgm. mgm. 
60- 80 mesh 3.0 2.6 2.8 a9 
Penn clay loam 
2.6 2.9 2.8 4.8 


The results as recorded in table 6 are substantially the same as those ob- 
tained with the other soil types, namely, with an increase in fineness of pul- 
verized limestone there is an increased amount of calcium carbonate used 
in neutralizing soil acidity. Concerning the salient point of this investiga- 
tion it is apparent that the 200-mesh has required but two weeks to effect 
neutralization, the 60-mesh requires three to four weeks, while the 20-mesh 
limestone requires a still longer period of time. The burnt lime, as might be 
anticipated, neutralized the soil acidity in the first week and must be con- 
sidered as more rapid in its activity than even the finest grade of limestone 
used. Glancing at the results obtained with the increased quantity of coarse 
limestone, it will be noted that it proved fully as effective as the finest 
limestone. 

Thus the preference for finer over coarser limestone would resolve itself 
chiefly to a question of economy in purchase, hauling, distribution, etc. The 


3 The writer is indebted to Mr. C. M. Haensler for suggesting this point. 
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TABLE 6 


The rate of neutralization of acidity by different degrees of fineness of pulverized limestone in 
Sassafras sandy loam 


TREATMENT | COz | COz AVERAGE CO2 | COz usED 


After one week 


mgm. mgm. mgm. mgm. 
2:5 mesh. 16.2 16.7 16.5 
f 5.9 53 5.5 
Second week 
525 5.9 5.7 | 
_ 2.6 2.9 2.8 8.6 
Third week 
7.0 7.4 7.2 4.2 
2.5 X 20-40 mesh... 18:7 15.0 15.4 8.5 
522 5.4 6.0 
4.6 4.9 6.5 
Fourth week 
6.5 6.4 6.5 4.1 
2.5 K 20-40 15.0 14.7 14.9 8.8 


points established in the preceding experiments may be summarized as 
follows: 

1. An apparatus is described for measuring the rate of neutralization of 
acidity by different degrees of fineness of pulverized limestone. 
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2. It was found that with Norfolk sandy loam as well as with Penn clay 
loam an increase in fineness of division of pulverized limestone was responsible 
for an increase in amount of limestone used up in the neutralization of soil 
acidity. 

3. At the end of three weeks the limestone finer than 60 to 80-mesh had 
neutralized the acidity in both soils, while 20 to 40-mesh limestone required 
something more than seven weeks to accomplish the same result. The finer 
mesh limestone was as effective in three weeks as burnt lime. 

4, With Sassafras sandy loam, the above results were corroborated by 
weekly determinations. In this soil the burnt lime neutralized the acidity 
in one week, the 200-mesh limestone required two weeks, the 60-mesh three 
to four weeks and the 20-mesh even a longer period of time. 

5. Twenty-mesh limestorie used in quantities two and one-half times as 
great as fine limestone proved fully as effective as the latter in three weeks 


THE FINENESS OF DIVISION OF PULVERIZED LIMESTONE AS INFLUENCING THE 
BACTERIOLOGICAL ACTIVITIES IN THE SOIL 


No study of a soil amendment could be considered adequate without an 
investigation concerning its effect upon the activities of the soil microor- 
ganisms. This is especially true of lime since it determines to such a marked 
degree the reaction of the soil. So far as the writer has been able to ascertain 
only one experiment has been reported which deals with the effect of fineness 
of division of pulverized limestone upon soil biological activities. This work 
has been done at the Pennsylvania Agricultural Experiment Station (117), 
where a study was being made of the effects of pure and magnesian limestone 
upon the formation of nitrate as compared with equivalent amounts of burned 
lime.* It was found that an increase in the fineness of division of pulverized 
limestone caused an increase in nitrification. Burnt lime proved superior to 
any grade of limestone used. 

The fact that in general lime increases the number of soil organisms has 
been observed by Brown (11), Engberding (20), Hutchinson (46), and Miller 
(74). Again the evidence of Brown (11), Hutchinson (41), MacLennan (47, 
48), Kelly (52), Koch (54), Krueger (57), Lipman (62, 63), Lipman, Brown 
and Owen (66, 67), Paterson and Scott (83), and Peck (87), points to the 
fact that lime increases ammonification. The stimulating effect of lime upon 
nitrification has been investigated by Brown (11), Densch (17), Fischer (24), 
Fittbogen (26), Fraps (28), Fred (52), Kelley (51, 52), Lyon and Bizzell (67), 
Lipman (62), McBethand Wright (71), Miller (73), Miillerand Weiss (79), Owen 
(82), Peck (86), Scales (96), Wilkins (120), and Wright (123). Denitrification 
studies have been performed by Lemmerman and Fischer (60), Lipman (62), 


* Burgess has found that nitrification is increased by fine material compared with coarse. 
Burgess, P. S., Nitrification as a measure of the availability of different forms of calcium 
carbonate when employed as correctors of soil acidity. J Soil Sci. (soon to appear). 
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and Vogel (112). Finally, the influence of lime on nitrogen-fixation has been 
investigated by Brown (11), Engberding {20), Hoffman and Hammer (42), 
Koch (55), Krainskii (56), Krueger (57), Lipman (62), and Vogel (112). 

In the light of the interesting differences obtained in crop yield and neu- 
tralization of soil acidity it seemed advisable to carry out some experiments 
to determine the effect of different degrees of fineness of pulverized limestone 
on ammonification, nitrification and hitrogen-fixation. An attempt was made 
to correlate these biological activities with the rate of neutralization of soil 
acidity in the following manner. Norfolk sandy loam and Penn clay loam 
were incubated for seven weeks in 5-pound glazed earthenware pots with 
different grades of pulverized limestone and burnt lime, under the same 
conditions as described in the previous experiments. Ten cubic centimeters 
of an infusion made from soil known to contain active ammonifying and 
nitrifying bacteria; as well as 10 cc. of an infusion made from “Alphano 
humus,” known to contain active nitrogen-fixing organisms, were added to 
each pot of soil. At the end of three weeks, when the soils were first sampled 
to determine the rate of neutralization of acidity, 5-grams portions of moist 
soil were immediately introduced into sterile flasks of media for the measure- 
ment of biological activities. These were prepared as follows, accordingtothe 
methods described by Léhnis and Green (66). 


A soil extract was prepared from each soil by adding 2 volumes of distilled water to 1 
volume of sojl and autoclaving in cotton-plugged Erlenmeyer flasks at 15 pounds pressure 
for fifteen minutes. After cooling and settling the supernatant liquid was filtered through 
several thicknesses of filter paper until a clear extract was obtained. To this was added 
0.05 gram of K2HPO, per litre. For ammonification, 50 cc. of this solution to which had 
been added 0.5 gram of peptone per flask were inoculated (in a 750-cc. Florence flask) with 
a 5-gram sample of soil and incubated at 23°C. for three days. At the end of this time 
the contents of the flasks were distilled with magnesium oxide and titrated in the usual 
manner. For nitrification, to 50 cc. of the extract of the soil type used as inoculum were 
added 50 mgm. of ammonium sulfate and 1 gram of calcium carbonate (c.p.). These flasks 
were incubated after inoculation with 5 grams of soil for four weeks. The nitrates were 
determined colorimetrically by the phenoldisulphonic acid method. For nitrogen-fixation 
2 grams of dextrose and 2 grams of calcium carbonate were added to 50 cc. of soil extract 
and incubated for three weeks, at the end of which time they were Kjeldahled. Suitable 
checks were carried in duplicate in all instances and all the determinations on each soil were 
made in duplicate. Since the soils received duplicate treatments of lime the possibilities 
for error were reduced to a minimum. 


The results of the ammonification of peptone after three weeks’ incubation 
of soil with lime are recorded in table 7. 

It will be seen that in both the Norfolk sandy loam and the Penn clay loam 
(with one exception) there is an increase in ammonification with an increase 
in fineness of division of pulverized limestone. It is of interest to note that 
while the differences in ammonification resulting from the finer grades of 
limestone are comparatively slight, there is a striking difference between the 
coarse and the finer limestone in both soils. In the Norfolk sandy loam, 
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for example, there was an increase of only 0.1 mgm. of nitrogen over the check 
for the 20-mesh as compared with 7.8 mgm. of nitrogen for the 200-mesh lime- 
stone. While in the Penn clay loam it was 0.3 mgm. of nitrogen for the 20- 
mesh as against 3.3 mgm. of nitrogen for the 200-mesh limestone. The 
burnt lime was more effective than the finest limestone in its influence on this 
biological activity. As might be expected from the more advantageous en- 
vironmental] conditions, the Norfolk sandy loam was responsible for greater 
differences between treatments than was the Penn clay loam. 

Regarding these results in their entirety, it will be remembered that they 
are in accord with those obtained in determining the rate of neutralization 
of the different grades of pulverized limestone. 


TABLE 7 


The effect of fineness of division of pulverized limestone on the ammonification of peptone in 
solution (soil incubated with lime three weeks) 


TREATMENT NITROGEN NITROGEN 
Norfolk sandy soil 

mgm. mgm. mgm. mgm. 

Penn clay loam 


The results at the end of seven weeks of incubation of soil with limestone are 
presented in table 8. It is evident that the differences between treatments 
in both soils are hardly large enough to bear mention, except in so far as 
the 20-mesh limestone gave the highest ammonification. This again may be 
correlated very closely with the results obtained concerning the rate of neutral- 
ization of acidity. In other words, the finer the limestone the more rapidly 
it neutralizes the acidity of the soil and the more effectively it increases the 
process of ammonification. It will be remembered that the 20-mesh material 
was the cnly one to be found present to any extent at the end of the seven- 
week pericd; therefore, it might well be expected that the present maximum of 
ammonia should occur with that grade of limestone. 
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Because of the importance of soil reaction in influencing nitrification, one 
would be led to anticipate marked differences in the accumulation of nitrates 
as a result of treating the soil with different grades of pulverized limestone. 
That this is virtually the case is shown by table 9, where it will be seen that 
with such widely divergent soil types, the differences in treatment at the end 
of three weeks yield results which are in identically the same direction, namely, 
an increase in fineness of division of pulverized limestone is responsible for an 
increased accumulation of nitrates. Again the burnt lime proved superior 
and the 200-mesh is strikingly better than the 20-mesh limestone in influenc- 
ing this important biological activity in the soil. Thus a correlation exists 
between the rate of neutralization and nitrification as well as ammonifica- 


TABLE 8 


The effect of fineness of division of pulverized limestone on the ammonification of peptone in 
solution (soil incubated with lime seven weeks) 


TREATMENT NITROGEN NITROGEN 
Norfolk sandy loam 

mem. mgm. mgm. 

Penn clay loam 


tion. Coleman® has a comprehensive discussion and bibliography dealing 
with nitrogen transformations in the soil. Since the accompanying data 
pointed indubitably to the fact that one could expect little, if any, differences 
in nitrification after seven weeks’ incubation of soil with limestone, these 
determinations were discontinued. 

The results obtained in the nitrogen-fixation experiments at the end of three 
weeks have not been tabulated for the, reason that no differences worthy of 
note were established. For example, in the Norfolk sandy loam at the end of 
three weeks, the average number of milligrams of nitrogen present in the check 
soils was 3.37, while the amount in the variously treated soils ranged from the 


5 Doctor’s Thesis, Rutgers College, New Brunswick, N. J. (1917). 
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above-mentioned quantity up to 3.71 mgm. of nitrogen. In the Penn clay 
loam the check had 4.63 mgm. of nitrogen, and the range in variation due to 
treatment approached 5.04 mgm. of nitrogen as a maximum. At the end of 
seven weeks there was a distinct increase over the check in the soils treated 
with limestone, as shown in table 10, but the differences between treatments 
were not within experimental error in the case of Norfolk sandy loam. Thus 
3.8 mgm. of nitrogen were present in the check soils and 12.3 to 12.9 mgm. of 
nitrogen in the treated soils. In Penn clay loam, however, there is an appar- 
ent tendency for the amount of nitrogen fixed to increase as the fineness of 
division of pulverized limestone increased. 


TABLE 9 


The effect of fineness of division of pulverized limestone on nitrification in solution (soil incu- 
bated with limestone three weeks) 


TREATMENT NOs NOs AVERAGE a a 
Norfolk sandy loam 

p-p. m. m. m 

7.9 822 7.8 0.7 
100-200 9.2 9.8 9.5 2.4 

Penn clay loam 


Considering this experiment in its entirety, it has been established that 
both in Norfolk sandy loam and in Penn clay loam an increase in fineness of 
division of pulverized limestone was responsible for a corresponding increase 
in the rate of neutralization of acidity as well as enhanced biological activities 
in the soil as measured by ammonification, nitrification and nitrogen-fixation 
(with limitations) in solution. 

In order to substantiate these points a similar experiment was performed 
in which Sassafras sandy loam was used in the same manner as previously 
described in the experiment dealing with the rate of neutralization of acidity, 
that is, burnt lime and the following grades of limestone were used: 20 to 40- 
mesh, 60 to 80-mesh, 100 to 200-mesh and finer than 200-mesh. In thepresent 
case, however, the fresh soil methods recommended by Brown (12, 13) were 
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employed. For ammonification, 100 grams of moist soil were thoroughly 
mixed in a shaker (61) with cottonseed meal or dried blood containing 155 
mgm. of nitrogen, respectively, and incubated at optimum moisture content 
for six days at 20°C., the ammonia being determined by the magnesium 
oxide method at the end of this time. For nitrification 100 mgm. of ammonium 
sulfate were added per tumbler and incubated at optimum moisture content 
for thirty days at 18°C. At the end of this time the nitrates were leached 
out by adding 400 cc. of distilled water, some ground burnt lime was added 
and the whole shaken thoroughly for five minutes, filtered, and a 25-cc. 
aliquot taken for determination according to the colorimetric phenoldisulphonic 
acid method. For nitrogen-fixation 2 grams of mannite were added to 50 


TABLE 10 


The effect of fineness of division of pulverized limestone on the rate of neutralization of acidity 
as affecting nitrogen fixation in solution after seven weeks incubation of soil with limestone 


TREATMENT NITROGEN NITROGEN ee 
Norfolk sandy loam 

mgm. mgm. mgm. 

Penn clay loam 


grams of soil and incubated at optimum moisture content for twenty-one 
days at 18°C. At the end of this period the soil was air-dried, pulverized and 
nitrogen determined by the Kjeldahl method. 

The results of ammonification after one week’s incubation of soil with 
limestone are recorded in table 11. 

It will be seen that with cottonseed meal an increase in fineness of division 
of pulverized limestone was responsible for a corresponding increasc in am- 
monia found. The 200-mesh is one-third more effective than the 20-mesh 
limestone, but burnt lime is somewhat superior to the former. The results 
obtained with dried blood are peculiar in that the 20- and the 60-mesh lime- 
stone yielded smaller quantities than were found in the checks, while the 
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finer grades of limestone and burnt lime exhibited an increase. This point 
will bear more complete discussion in another connection. 

With cottonseed meal the results in table 11 obtained after two weeks’ 
incubation (with one exception) show that in increase in fineness of division 
of pulverized limestone is accompanied by an increase in ammonification. 
However, the differences between treatments are not quite as pronounced as 
after the first week, undoubtedly because of the fact that the different grades 
of limestone tend to equalize, as is shown by the work on the rate of neutrali- 
zation of acidity. Again the 200-mesh is markedly superior to the 20-mesh 


TABLE 11 


The effect of fineness of division of pulverized limestone on the ammonification of cottonseed 
meal and dried blood (Sassafras sandy loam incubated with lime for one and two weeks) 


COTTONSEED MEAL DRIED BLOOD 
TREATMENT 
Nitrogen | Nitrogen Nitrogen | Nitrogen 
After one week’s incubation 

mgm. mgm. mgm. mgm. mgm. mgm. 

20= 40: mesh... 05.5... 50.0 50.5 50.3 37.6 38.3 38.0 

2.5 X 20-40 mesh........ 47.8 S15 49.7 38.3 38.9 38.6 
60- 80 mesh............ 60.4 56.4 58.4 32.8 3552 34.0 

100-200 mesh............ $3.7, 66.5 60.1 41.3 45.7 43.5 
200 65.8 68.0 66.9 48.5 50.1 
68.3 68.9 68.6 46.9 53.6 50:2 

After two weeks’ incubation 

53.1 54.7 53.9 56.6 53:3 55.0 
40 MES 54.7 55.2 47.2 46.7 47.0 

20-40 57.6 57.0 43.5 41.8 42.7 
60> SO mesh. ...5...6205% 64.0 64.6 64.3 33.0 37.9 3525 

100-200 mesh............ 63.7 61.0 62.4 36.0 26.6 3173 
65.6 66.6 66.1 30.4 28.6 29.5 


limestone but inferior to the burnt lime. A point of interest is to be remarked 
in the fact that two and one-half times the usual quantity of 20-mesh limestone 
does not increase ammonification to any marked degree over that obtained with 
the normal amount, and is decidedly inferior to the 200-mesh limestone. The 
results with dried blood show a progressive decrease in ammonia with an in- 
crease in fineness of division of pulverized limestone. The explanation which 
suggests itself is that the ammonification of dried blood is actually more 
rapid with an increase in fineness of division of pulverized limestone but 
that the bacteria multiply so rapidly as to assimilate it again, so that it does 
not appear as ammonia when distilled with MgO, at the end of the six-day 
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incubation period, but is transformed into other nitrogenous compounds. 
This theory is substantiated by further experiments where the writer has 
found an increase in ammonification of dried blood with an increase in fine- 
ness of division of pulverized limestone. Furthermore, preliminary experi- 
ments were performed in which the ammonification of dried blood was accom- 
panied by a daily measurement of carbon dixoide evolved. This was accom- 
plished by aspirating air continuously through a stoppered bottle containing 
soil, which was connected with an Erlenmeyer flask containing a known 
quantity of standard barium hydrate. It was found that with an increase in 
fineness of division of pulverized limestone there was an increased production 
of carbon dioxide which may well be regarded as an index of decomposition 
effected by microbial activities. Thus it may be assumed that an increase in 
fineness of division of pulverized limestone actually caused an increase in the 
ammonification of dried blood, but that because of a subsequent assimilation 
of ammonia the amounts of ammonia found by distilling with magnesium 


oxide were comparatively small. 
TABLE 12 


The effect of fineness of division of pulverized limestone on gmmonification (Sassafras sandy 
loam incubated with lime for three weeks) 


TREATMENT NITROGEN NITROGEN ee 
Cottonseed meal 
mgm. mgm. mgm. 
Dried blood 


In tables 12 and 13 are recorded the results obtained after incubating soil 
with limestone for three and four weeks, respectively. With cottonseed 
meal as well as dried blood the general tendencies heretofore noted are again 
to be observed. 

Considering the results obtained in the nitrification of ammonium sulfate 
after one week’s incubation of soil with lime, it will be seen from table 14, 
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TABLE 13 


45 


The effect of fineness of division of pulverized limestone on ammonification (Sassafras sandy 


loam incubated with limestone four weeks) 


TREATMENT NITROGEN NiITROGEN 
Cottonseed meal 
mgm. mem. mgm. 
Dried blood 
TABLE 14 


The effect of fineness of division of pulverized limestone on nitrification (Sassafras sandy loam 
incubated with limestone one and two weeks) 


TREATMENT NITROGEN NITROGEN 
After one week’s incubation 

mgm. mgm. mgm. mgm 

20 0:12 0.17 0.15 0.09 
2.5) 0.43 0.46 0.45 0.39 
0.51 0.96 0.74 0.68 

After two weeks’ incubation 

| 4.00 4.90 4.45 4.39 
100-200 1.48 0.31 0.90 0.84 
0.31 0.65 0.48 0.42 
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that an increase in fineness of division of pulverized limestone is responsible 
for a corresponding accumulation of nitrates. The results obtained in the 
subsequent weeks of incubation, as shown in tables 14 and 15—are more 
variable, because the moisture conditions were not strictly maintained. 
However, the tendency follows the general rule previously observed, namely, 
an increase in fineness of division of pulverized limestone is responsible for 
an increase in biological activities, which may be correlated with the rate of 
neutralization of acidity. In the present experiment the differences in nitro- 
gen-fixation, as a result of variation in treatment, were not of sufficient 
magnitude to permit of any definite conclusions. The average number of 
milligrams of nitrogen found varied from 0.98 to 1.21. It is possible that the 
amount of carbohydrate used in the present instance was so excessive as to 
inhibit nitrogen-fixation. 

In order to emphasize further the importance of fineness of division of 
pulverized limestone in influencing ammonification, several soils (the same 


TABLE 15 


The effect of fineness of division of pulverized limestone on nitrification (Sassafras sandy loam 
incubated with lime for three weeks) 


mgm. mgm. mgm. mgm. 

err 0.37 0.17 0.27 0.21 
1.96 1.95 1.95 1.90 


as previously used in growing clover in pots) were incubated with the different 
grades of limestone and burnt lime for one week. At the end of this time 
100-gram portions from each pot received nitrogenous organic material in 
the form of dried blood or cottonseed meal (155 mgm. N), and were incubated 
at the optimum moisture content for seven days at 20°C. The results ob- 
tained with Cumberland silt loam are recorded in table 16. 

Although the differences between treatments are not great, nevertheless 
it will be seen that in general, with both cottonseed meal and dried blood, an 
increase in fineness of division of pulverized limestone is accompanied by an 
increase in ammonia found. The burnt lime and 200-mesh limestone were 
equally efficient. Two and one-half times the usual quantity of 20-mesh lime- 
stone gives better results, not markedly superior to the normal application. 

The results obtained with Wooster and Carrington silt loams are presented 
in table 16. The differences between treatments are not very marked but 
the finer material appears to better advantage than the coarser. Burnt lime 
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proved more efficient than 200-mesh limestone. The results obtained with 
increased quantities of 20-mesh limestone are similar to those noted where 
Cumberland silt loam was employed. 

A general consideration of these soils of fine texture and high organic con- 
tent reveals the fact that in the ammonification of nitrogenous organic ma- 


TABLE 16 


The effect of fineness of division of pulverized limestone on ammonification in Cumberland, 
Carrington and Wooster silt loams 


COTTONSEED MEAL DRIED BLOOD 
TREATMENT 

Nitrogen | Nitrogen Nitrogen | Nitrogen 

Cumberland silt loam 
mgm. mgm. mgm. mgm. mgm. mgm. 
70.0 70.7 70.4 78.3 77.4 77.9 
2.5 X 20-40 mesh........ Lost 73.8 73.8 67.8 64.8 66.3 
60—- 80 mesh............ 73.4 72.0 61.4 71.8 66.6 
100-200 mesh............ 73.8 74.3 74.1 59.8 62.5 61.2 
DOO A> Mesh. 75.2 74.5 74.9 81.9 85.5 83.7 
74.5 72.0 (353 82.6 82.3 82.5 

Wooster silt loam 

20- 40 mesh............ 47.0 49.7 48 .4 50.0 47.7 48.9 
2.5 X 20-40 mesh........ 50.4 50.2 50.3 49.3 49.1 49.2 
GO= SOimesh. ........ 66.4. 40.5 41.5 41.0 45.2 45.5 45.4 
100-200 mesh............. 49.1 50.0 49.6 42.8 43.0 42.9 
200 + mesh........ es 48.8 49.3 49.1 58.7 59.4 59.1 
59.4 58.3 58.9 69.3 63.4 66.4 

Carrington silt loam 
Lc 33.8 41.0 37.4 58.1 57.4 57.8 
20- 40 mesh...........: 34.3 50.0 43.7 59.9 61.6 60.3 
2.5 20-40 57.8 42.8 60.8 61.6 61.2 
80: 38.3 47.5 42.9 53.6 53.3 53.5 
100-200 mesh............ a7 46.3 47.0 65.7 61.7 63.7 
200 Lost Lost Lost 60.0 61.6 
50.2 50.2 50.2 66.6 Lost 66.6 


terials the differences resulting from treatment with various grades of lime- 
stone are less marked than those noted where soils of coarser texture and lower 
organic content were employed. However, the evidence points quite defi- 
nitely to the contention that the finer grades of limestone exert a more bene- 
ficial influence upon the process of ammonification than does the coarse ma- 
terial. This is especially significant for the light it throws upon certain pre- 
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vious results obtained in the ammonification of dried blood and would seem 
to make the theory advanced in that connection more tenable. 

Since in common field practice the amount of limestone applied to the soil 
is rarely the exact equivalent of the lime-requirements as determined by the 


TABLE 17 


The effect of fineness of division of pulverized limestone in varying amounts and CaOon 
ammonification in Norfolk sandy loam. Cottonseed meal 


TREATMENT NITROGEN NITROGEN | Eerstcansctnl 
One-third Veitch lime-requirement applied 

mgm. mgm. mgm. 
eram, 20-40 mesh... 56.5 54.7 55.6 
OW gram, 80 mesh... 56:4 59.2 
0.09 gram, 100-200 mesh...:................. 61.6 61.7 61.1 

Two-thirds Veitch lime-requirement appli 
O:18ieram, BO mesh... ... . 52.8 53.8 53.3 
gram, 100-200 mesh... .. 56.8 52:9 54.9 
56.3 55.9 56.1 
Total Veitch lime-requirement applied 
0:28 etam, 100-200 mesh......... 59.2 59.8 59.5 
0.28 gram, 200 + mesh....................25: 62.8 63.1 63.0 
One and one-third Veitch lime-requirement applied 

0.37 gram, 100-200 mesh. 58.8 58.6 


Veitch method, the following experiment was performed. Limestone of dif- 
ferent grades of fineness and burnt lime were applied to Norfolk sandy loam 
at the rate of one-third, two-thirds, total and one and one-third of the Veitch 
lime-requirement of 2300 pounds of CaO per acre. One series received 155 
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‘mgm. of nitrogen in the form of cottonseed meal, the other received dried 
blood. The soils were made up to the optimum moisture content (13 per 
cent) and incubated for seven days, the ammonia being determined by the 
magnesian oxide method at the end of that time. The results are presented 
in tables 17 and 18. 

TABLE 18 


The effect of fineness of division of pulverized limestone in varying amounts and CaO on 
ammonification in Norfolk sandy loam (dried blood being used) 


TREATMENT | NITROGEN NITROGEN Pies meme 
One-third Veitch lime-requirement applied 

mgm. mgm. mgm. 
0:09 gram, 100-200 mesh... 65.4 67.0 66.2 

Two-thirds Veitch lime-requirement applied 
60= 80 mesh... 64.2 65.0 64.6 
0.18 gram; 100-200 es 60.7 60.2 60.5 
Total Veitch lime-requirement applied 
O;28:gram,, SO mesh: 64.3 62.2 63.3 
0.26 gram, 100-200 mesh. 59.5 59.1 59.3 
One and one-third Veitch lime-requirement applied 

gram: mesh... 67.9 70.1 69.5 
0.37 gram: 100-200 59.1 61.1 60.1 


It will be seen that with but a few exceptions in the cottonseed meal series, 
an increase in fineness of division of pulverized limestone is responsible for an 
increased ammonification. This phenomenon appeared regardless of the size 
of application of limestone. An increase in the quantity of burnt lime 
caused a still further increase in ammonification. In the dried blood series 
an increase in fineness of division of limestone caused a corresponding division 
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in ammonia found. However, as previously interpreted, this may be con- 
sidered as virtually representing an increase in ammonification accompanied 
by an increase in assimilation with an increase in fineness of division of pul- 
verized limestone. Again the phenomenon remains constant, regardless of 
the rate of application of limestone. In general, then, it appears that am- 
monification as influenced by the different grades of pulverized limestone is 
independent of the size of application. 

Summarizing the results obtained in the present experiments, the following 
points are worthy of note. 

1. An increase in fineness of division of pulverized limestone was respon- 
sible for an increase in the ammonification of peptone in solution in Norfolk 
sandy loam and Penn clay loam, and of cottonseed meal and dried blood in 
Sassafras sandy loam, which may be correlated with the results obtained in 
the rate of neutralization of acidity. That is, in the first two weeks of in- 
cubation of soil with limestone the differences between treatments are decid- 
edly more marked thar in the following weeks when there is a general equal- 
izing tendency manifest. 

2. An increase in fineness of division of pulverized limestone is respon- 
sible for an increase in nitrification and nitrogen-fixation in solution and 
fresh soil, which may also be correlated with the rate of ammonification. 

3. The ammonification of dried blood and cottonseed meal followed the 
above tendency in the heavy soils rich in organic matter as well as the lighter 
soils used. 

4, These results of ammonification remain constant regardless of the size 
of the application of limestone (as determined by the Veitch method). 


THE INFLUENCE OF FINENESS OF DIVISION OF PULVERIZED LIMESTONE ON LOSS 
BY DRAINAGE® 


So far as the writer has been able to determine, the recent publication from 
the Maryland Agricultural Experiment Station (12) represents the sole work 
on the solubility and loss’ of different degrees of pulverized limestone when 
applied to the soil. In the experiments performed by Broughton, Williams, 
and Frazer (10), both limestone and oyster shells of varying degrees of fine- 
ness were employed. The solubility of these samples which had been sub- 
jected to mechanical analysis was determined in water, and water charged with 
carbon dioxide at 3°, 12°, 14°, and 23°C., representing the temperatures of 
winter, spring, autumn, and summer, respectively. It was found that with an 
increase in fineness of division of pulverized limestone there was an increase 
in solubility, the same phenomenon being observed with an increase in tem- 
perature. The solubility and the different materials were then determined 


6 The writer wishes to express appreciation for his assistance to Mr. R. C. Cook, with 
whom this experiment was begun. Owing to unforeseen circumstances the latter was un- 
able to continue this work. 
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by analyzing the soil solution obtained from large pots treated with lime. 
Unfortunately, no duplicate treatments are mentioned, and since the soils 
considered as checks received applications of either CaO or CaCOs, the experi- 
ment is open to criticism on these grounds. This is further emphasized by 
the fact that the differences between treatments were slight. However, 
it was shown that the solubility of these materials increased with an in- 
crease in the fineness of division of limestone. In other words the greater 
the surface of limestone exposed, the greater was its solubility. Two defi- 
nite conclusions were recorded from interesting data of field experiments still 
in progress. The authors maintain that in order to furnish as much calcium 
as is present in burnt lime, limestone should be ground so that 90 per cent 
passes an 80-mesh sieve. Their conclusion is corroborated by the work re- 
ported in this thesis. 

There is a considerable amount of data concerning the distribution, changes 
and loss of limestone by leaching which has been reported by Blanck (7), 
Broughton (9), Creydt, Von Seelhorst and Wiems (16), Frear (30), Hilgard 
(40), Johnson (49), Lyon and Bizzell (69), MacIntyre, et al. (72), Miller (74), 
and Veitch (109). The effect of adding limestone in excess of the amount 
required to neutralize acidity has been studied by Gardner and Brown (34), 
White (107), and Veitch (109). 

In order to study the influence of the fineness of pulverized limestone on the 
loss of lime in drainage, the following method was devised and put into opera- 
tion in 1914.7 

Large galvanized iron pots, 16 inches in diameter and 12 inches deep, 
standing on three legs, were fitted with stopcocks to permit drainage. The 
bottom of the pot had a slight depression in which were placed large pebbles. 
The pots were fitted with a pair of handles rivetted to the sides, and the 
whole painted to prevent rusting. A layer of fine pebbles was placed in the 
bottom of the pot, and over this was placed 120 pounds of Sassafras sandy 
loam which had been sieved through an 8-mesh screen (plate 1). A lever 
arrangement with grippers for the handles of the pot, and a counterpoise 
was devised for keeping the pots at constant weight. Two series of new 
pots were placed upon a greenhouse table. A hole was drilled under each 
stopcock to permit the fastening of a rubber tube which extended down into a 
bottle to collect the drainage water. A board support was nailed close to the 
ground upon which the bottles might be placed in proper position. After the 
harvesting of each crop, the drainage water was collected by flushing through 
enough water to obtain 3800 cc. of drainage in each collecting bottle. This 
method is, of course, open to objection, in that continuous percolation would 
give a more adequate representation of the drainage water, but the green- 
house conditions were such as to make such a procedure impracticable. 


7 Broughton (10) and the United States Bureau of Plant Industry, at Washington, D. C.. 
have since described similar apparatus for the same purpose (122). 
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The experiment was continued over a period of time which permitted the 
growth of several different crops, the soil being treated with pulverized lime- 
stone of different grades in quantity sufficient to fulfill the lime-requirement 
as determined by the Veitch method. One series of pots received ammonium 
sulfate at the rate of 600 pounds to the acre, while the other series received no 
addition of nitrogen. The check pots received minerals above, while the others 
received minerals in addition to the special treatment. Before planting the 
first crop the soil from each pot was removed to a depth of 63 inches, while 
15 grams of acid phosphate (14 per cent P,O;) and 7.5 grams of muriate of 
potash (50 per cent KO) were thoroughly incorporated together with 57 
grams of pulverized limestone of different grades of fineness. The soil, was 
designated as Sassafras sandy loam which had been unlimed, and unfertilized 


TABLE 19 


The effect of fineness of division of pulverized limestone on the yield of barley grown on Sassafras 
sandy loam in drainage tanks with and without the addition of nitrogen 


AVERAGE 
NITROGEN 


TOTAL 
NITROGEN 


WEIGHT OF 


CROP DUPLICATE | AVERAGE NITROGEN | NITROGEN 


TREATMENT 


Without the addition of nitrogen 


grams grams grams per cent per cent per cent grams 
45.5 36.5 41.0 1.18 0.89 1.04 0.43 
20- 40 mesh... 79.0 80.5 79.7 0.83 0.96 0.90 0.71 
60- 80 mesh... 95.0 88.5 91.7 0.86 0.86 0.86 0.79 
100-200 mesh... 93.0 OLS 92.2 0.88 0.84 0.86 0.79 
200 + mesh. ... 81.5 85.0 83.2 0.82 0.84 0.83 0.69 


12 grams (NH4) 


48.0 S17 1.30 1.32 
20- 40 mesh...| 82.0 Lost 82.0 1.28 1.33 131 1.07 
60- 80 mesh...| 87.0 73.0 80.0 1.33 1.08 21 0.97 
100-200 mesh...| 74.0 92.0 83.0 1.33 1.22 1.28 1.06 
200+ mesh....| 78.0 67.5 1234 1.32 Lost 1.32 0.96 


250, applied 


and had a lime-requirement (Veitch) of 100 pounds CaO per acre. The pots 
were maintained at optimum moisture content. Seven grams of ammonium 
sulfate were applied to each pot of one series one week before planting 100 
seeds of barley per pot. The other 5 grams were added after the seedlings 
had been thinned to 50 plants. 

The results of yield and nitrogen content of the first crop grown in these 
tanks is presented in table 19. 

Some discrepancies which appear are due to attacks from fungi which 
did not invalidate the general tendency exhibited, namely, with an increase 
in the fineness of division of pulverized limestone up to the 200-mesh product 
there was an increase in crop yield and total nitrogen in grams. This is to be 
seen both in the series receiving no nitrogen and that receiving 12 grams of 
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ammonium sulfate per pot. From the figures recorded in the columns marked 
“average per cent of nitrogen” it is apparent that the differences as a result of 
variation in treatment are so slight as to benegligible. Thus the total nitrogen 
expressed in grams (last column) varies almost as the crop yield. The ques- 
tion which is immediately suggested by these results is: why are the yields 
obtained with the finest limestone smaller than those where the coarser, ma- 
terial was used? The explanation which appears most plausible is that in 
such a light open sandy soil the finer material is washed down below the root 
zone of the plant, therefore it does not neutralize the soil acidity or increase 
the available nitrogen supply of the plant to the same extent as does the 
coarser material which is actually less efficient. This hypothesis is strength- 
ened by certain subsequent results concerned with the planting of alfalfa 
(which is one of the deepest-rooted of all crops) which seems to respond with a 
greater yield to -the finer limestone. Likewise, the fact that more lime is 
lost in leaching from the soils receiving the finer material, as will be shown 
presently, also may be considered as corroborative evidence. A further 
consideration may be advanced, namely, it is possible that the finer material, 
being more active, effects a reversion of the acid phosphate sufficient to limit 
plant growth to some degree. However, in view of the large amount of acid 
phosphate applied, this does not appear tenable. Again the nitrogen in the 
soil may have been oxidized to nitrates more rapidly with soils receiving 
the finer limestone, and rapidly transformed into insoluble nitrogenous 
compounds before the plant could use them. As has been previously stated, 
after harvesting the crops (which had been allowed to grow to maturity), 
water was flushed through the soil and the 3800 cc. of drainage water collected. 
Duplicate aliquot samples of 5 cc. were taken for the determination of ammonia 
by the Nessler colorimetric method (98), and 25-cc. portions were taken for 
nitrate nitrogen determinations according to the phenoldisulphonic acid 
method. The 3740 cc. of drainage water were then evaporated to about 400 
cc. After 10 cc. of hydrochloric acid (concentrated) were added, the solution 
was made up to 500 cc. and kept in a tightly-stoppered Jena flask until used 
for the determination of calcium by the standard permanganate titration 
method. 

From the results recorded in table 20, it will be noted that in both series 
an increase in fineness of division of pulverized limestone was accompanied 
by a decrease in loss of ammonia in the drainage water. As was to be ex- 
pected the series receiving ammonium sulfate lost more ammonia than the 
series receiving no nitrogen. The determination of nitrates and calcium in 
the drainage waters led to no definite conclusion because of lack in agreement ~ 
between duplicate treatments, therefore the results were not tabulated. 

After permitting the soil to dry out sufficiently to restore the optimum 
moisture condition, buckwheat was planted and the crop grown to maturity. 
In this case, no further applications of limestone were made, but the usual 
12 grams of ammonium sulfate were applied to each pot of the series receiving 
nitrogen. The yield and nitrogen content of the crops are recorded in table 21. 
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In the series receiving no nitrogen there is an increase in crop yield with 
60 to 80-mesh as compared with 20 to 40-mésh limestone. The material finer 
than 60-mesh caused a decline in yield which, however, remained superior 


TABLE 20 
Analysis of first drainage water for ammonia 
No nitrogen applied 
mgm. mgm. mgm. mgm. 
12 grams (NH4)2SO4 applied 
0.570 0.950 0.760 0.475 
0.836 0.608 0.722 0.513 
TABLE 21 


The effect of fineness of division of pulverized limestone on the yield of buckwheat in drainage 
tanks with and without applications of nitrogen 


AVERAGE TOTAL 


WEIGHT 
TREATMENT oF crop | DUPLICATES! AVERAGE | NITROGEN | NITROGEN | .2oGEn | NITROGEN 
Without nitrogen 
grams grams grams per cent per cent per cent grams 
SSK. «ob 38.0 15.7 26.9 1.99 1.95 1.97 0.53 


20— 40 mesh...}| 44.9 43.0 44.0 1.31 1.43 1.37 0.60 
60- 80 mesh...} 68.7 70.2 1.33 0.88 
100-200 mesh...} 58.0 53.0 35.5 a':22 1.29 1.26 0.70 
200 + mesh....| 54.8 50.7 52.8 1.56 1.53 0.82 


12 grams (NH,) applied 


37 2.37 0.40 
36 2.16 1.82 
.14 2.05 2.03 
14 1.90 
12 2:42 1.97 


16.0 17.6 16.8 2.37 
20— 40 mesh...} 80.4 88.6 84.5 1.96 
60— 80 mesh...} 93.5 103.4 99.0 1.86 
100-200 mesh...| 90.9 84.0 87.5 2:20 
200+ mesh. ...| 88.5 94.9 92.7 2.12 


NN DS 


to the 20-mesh limestone. There was very little variation in the percentage 
of nitrogen, although in this instance the 200-mesh limestone gave a consid- 
erably higher percentage than did the other grades of limestone. The reason 
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for the high nitrogen content in the checks is, of course, the relatively low 
yield, this phenomenon being of too common occurrence to require further 
comment. Again in general, the total nitrogen in grams is roughly propor- 
tional to the yields obtained. In the series receiving ammonium sulfate 
it is at once evident that the total yield of all pots (with the exception of the 
checks, due to higher acidity), is higher than in the case of the soils receiving 
no nitrogen. Again, the results with the different grades of limestone and 
ammonium sulfate exactly parallel those obtained where nitrogen was not 
added. ‘The variations in nitrogen content are negligible. The fact that the 
60-mesh gives a superior yield to that obtained with the finer limestone has 
already been discussed in connection with the previous crop. It is espe- 
cially interesting to note that the yields where fine pulverized limestone is 


TABLE 22 


Neutralization of acidity by different degrees of fineness of pulverized limestone (Sassafras sandy 
loam after growing buckwheat) 


AVERAGE CaO 


TREATMENT CaO PER ACRE | CaO PER ACRE caplicda 
No nitrogen applied 

pounds pounds pounds 

1,750 1,650 1,700 

12 grams (NH4)2SO4 applied 


used without any addition of nitrogen are only slightly inferior to the yields 
obtained where coarse limestone was accompanied by an application of 
ammonium sulfate at the rate of 660 pounds per acre. 

In order to cast further light upon the neutralization of soil acidity by the 
different grades of pulverized limestone, the lime-requirement of all soils 
was determined after harvesting the crops and before leaching. This was 
done by taking three cores of soil the entire depth of the pot, mixing them 
thoroughly and measuring out a representative sample of 200 grams, of which 
10-gram portions were used for the Veitch determinations. The results 
obtained are shown in table 22 and may be considered of primary importance. 

In the first place it is evident in both series that an increase in fineness 
of division is responsible for a diminution of the lime-requirement. Again, 
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it will be seen that in comparing the series receiving ammonium sulfate with 
the series receiving no nitrogen, the former had a uniformly higher lime- 
requirement than the latter, regardless of the grades of limestone used. While 
the agreement between duplicates is not in all cases what might be desired, 
nevertheless, the general trend is unmistakable. This, after a fashion, may ~ 
be considered as bearing upon the discussion of crop yield, namely, the com- 
posite sample of soil receiving 200-mesh limestone has a lower lime-require- 
ment than where the coarser material was used, but the fact that the plants 
could not take advantage of this indicates that much of the neutralization 
took place below the root zone. Consequently, the yields obtained with 
medium fine material are superior to those obtained with very fine limestone. 

After harvesting the crops, the soil in each pot was leached as previously 
described and duplicate samples of 20 cc. were taken for the determination 
of acidity by titration with N/50 NaOH, phenolphthalein being used; and 
of alkalinity by titration with N/50 HCl, with methyl orange as an indicator. 
The general tendency was for a decrease in acidity with an increase in fine- 
ness of division of pulverized limestone, and for an increase in alkalinity. 
The series receiving nitrogen showed a higher acidity than where ammonium 
sulfate was applied. Thus it required 0.86 cc. of N/50 NaOH to neutralize 
the acidity where 200-mesh was used, as against 1.75 cc. where 20-mesh lime- 
stone was used in the series receiving no nitrogen, and 1.46 cc. as against 
1.96 cc. in the series receiving ammonium sulfate. The other results were not 
tabulated because of lack of sufficient agreement between duplicates. This 
is likewise true of the determinations of ammonia, nitrates and calcium, al- 
though the general tendency exhibited was that an increase in fineness of 
division of pulverized limestone was responsible for a decrease in the loss 
of ammonia and nitrate nitrogen and an increase in the loss of calcium in the 
drainage waters. 

The next crop to be grown in these‘pots was rape. This was selected be- 
cause of the fact that the experiment in progress required that there be no 
addition of nitrogen to one series of soils, and rape is not regarded as a heavy 
feeder on nitrogen. Of course, the root residues of former crops furnished a 
source of nitrifiable material and this is undoubtedly the principal reason for 
the good yields obtained. Fifteen grams of acid phosphate and 7.5 grams of 
muriate of potash were added at the outset of the experiment and limestone 
was added to all soils in excess of the lime-requirement as determined after 
harvesting buckwheat (table 22). These applications were made on the basis 
of two-thirds in excess of the lime-requirement of the soils having the greatest 
acidity (the checks receiving one-fourth in excess in the form of 200-mesh 
limestone). The additions of fertilizer and lime were made two weeks before 
planting 20 rape seeds. The seedlings were thinned to 10 in number, and the 
additional application of 5 grams of ammonium sulfate made. The crop was 
grown to maturity but difficulty was experienced in combatting cabbage 
worms. This pest was finally exterminated, after creating considerable dam- 
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age, by sprinkling the leaves with powdered lead arsenate. The results of 
crop yield and nitrogen content are recorded in table 23. 

While the differences between treatments are not pronounced, due to the 
fact that an excess of lime was applied, nevertheless, it is evident in both 
series that the 60 to 80-mesh limestone yielded superior results while the 
200-mesh appeared to better advantage than did the 20-mesh limestone, which 
corroborates the conclusions based on the yields with the previous two crops. 
Again the percentage of nitrogen in both series is highest with the 200-mesh 
limestone, while the total nitrogen in grams parallels the crop yields. It will 
also be seen the series receiving ammoinum sulfate gave higher yields and 
nitrogen content than the series receiving no nitrogen. However, the yields 


TABLE 23 


The effect of fineness of division of pulverized limestone on the yield of rape in drainage tanks 
(two-thirds in excess of lime-requirement) 


WEIGHT AVERAGE TOTAL 
TREATMENT OF CROP DUPLICATES} AVERAGE NITROGEN | NITROGEN NITROGEN | NITROGEN 


No nitrogen applied 


grams per cent per cent 
61.9 1.50 
40 mesh... 58.0 1 
100-200 mesh... 68.2 1.28 1. 
1 


200 + mesh.... ; ; 67.7 1.42 


12 grams (NH4)2SO4 applied 


78.7 70.5 74.6 2.63 
77.7 72.0 74.9 1.89 
| 95.0 81.2 88.1 1.81 
100-200 mesh...| 76.7 71.0 73.9 1.88 
200 + mesh.... 76.0 76.6 76.3 1.88 


with the finer limestone without nitrogen were only slightly inferior to those 
obtained with the coarse limestone where ammonium sulfate had been added 
at the rate of 600 pounds to the acre. Thus one might argue that limestone 
was responsible for an increased supply of available nitrogen to the plant. 

Following the previous procedure of determining the lime-requirement of 
all the soils before leaching, the results are presented in table 24. 

It will be seen that in both series an increase in fineness of division of pul- 
verized limestone was accompanied by a decrease in the lime-requirement. 
There is mutual corroboration in the fact that the check soils, as well as those 
regularly receiving 200-mesh limestone, were alkaline, for it will be remembered 
that the former received an excessive application of 200-mesh limestone. It 
is further interesting to note that the acidity developed in the soils receiving 


per cent grams 
1.83 0.95 
1.30 0275 
1.30 0.93 
1.34 0.91 : 
1.39 0.94 
2.85 2.79 2.08 
1.81 | 1.85 | 1.39 
1.87 1.84 1.62 
1.88 1.88 1.39 a 
1.92 | 1.90 | 1.45 
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60-mesh is only one-half (or less) of that developed in the soils receiving 
20-mesh limestone. . 

The soils were leached in the usual manner and the acidity and alkalinity 
titrated as before. Again, the results indicate that with an increase in fine- 
ness of division of pulverized limestone there is a decrease in acidity and an 
increase in alkalinity. For example, in the series receiving no nitrogen, 20 
cc. of drainage water from the soil treated with 20-mesh requires 3.28 cc. of 
N/50 NaOH to effect neutralization while 200-mesh requires only 2.53 cc. 
In the series receiving ammonium sulfate, the former treatment requires 3.93 
cc. and the latter only 1.80 cc. The resultsef the ammonia and nitrate de- 
terminations were too variable to permit of definite conclusions, although there 


TABLE 24 


Neutralization of acidity by different degrees of fineness of division of pulverized limestone 
(Sassafras sandy loam after growing rape). Two-thirds in excess of lime require- 
ment applied—200-mesh limestone applied to check 


TREATMENT CaO CaO AVERAGE CaO 


No nitrogen applied 


pounds pounds pounds 


1,900 800 1,350 


appeared to be a tendency for an increase in fineness of division of pulverized 
limestone to cause a decrease in loss of ammonia and nitrates. Thus in the 
series receiving ammonium sulfate the 20-mesh treated soils contained 2.10 
mgm. of nitrogen nitrates, while the soils treated with 200-mesh yielded only 
0.46 mgm. of nitrogen. Again in the series receiving no nitrogen, with the 
20-mesh there were 1.653 mgm. of nitrogen in the form of ammonia in the 
drainage compared with 0.798 mgm. of nitrogen in the case of the 200-mesh. 

The results of the calcium determinations in the drainage water are pre- 
sented in table 25. 

It will be seen that in both series (with one exception) there is an increased 
loss of lime with an increase in fineness of division of pulverized limestone. 


one 
1 
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oy 
12 grams (NH4)2SOx applied 
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While the duplicates are not always in close agreement, nevertheless, the 
general tendency of the averages is pronounced. 

Since rape grew so well under the conditions of its first trial, it was deemed 
advisable to use the same plant again. No lime or fertilizer was added other 
than the ammonium sulfate in the manner previously described. Twenty- 
five seeds were planted in each pot, and these were later thinned to 15 seed- 
lings. An inspection of the results in table 26 shows slight differences as a 
result of treatment. 

However, as usual the 60-mesh limestone is superior to the other grades. 
The yields on the soils receiving ammonium sulfate are distinctly superior 
to those receiving no nitrogen. Because of the nature of these results, dif- 
ferences in drainage waters were not to be anticipated, and consequently the 
soils were not leached. 

TABLE 25 


Analysis of drainage water: determination of calcium. Third series 


TREATMENT Ca DUPLICATES AVERAGE 
No nitrogen applied 

mgm. mgm. mgm. 

12 grams (NH4)2SO4 applied 


Summarizing the results obtained in the work just discussed concerning 
the growth of various crops in large pots permitting the collection of drain- 
age water and the analyses thereof, the following points have been estab- 
lished, a light sandy loam (Sassafras) being treated with different degrees of 
fineness of pulverized limestone, which had been cropped to barley, buckwheat, 
and rape (twice). 

1. Both in the series receiving an application of ammonium sulfate at the 
rate of 660 pounds to the acre and that receiving no nitrogen, the 60-mesh 
limestone gave the highest yields. This is explained by the fact that the finer 
grades of limestone were washed down below the root zone where they be- 
came less effective in neutralizing soil acidity and making plant-food avail- 
able. The 200-mesh gave higher yields than 20-mesh limestone. 
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2. The highest average per cent of nitrogen in the various crops was obtained 
with the 200-mesh limestone in the series with and without nitrogen. 

3. The soils receiving an application of ammonium sulfate at the rate of 
600 pounds to the acre yielded crops superior to those which received no 
nitrogen, when the limestone treatment remained the same. 

4. The best yields with the finer limestone with and without nitrogen are 
only slightly inferior to the yields obtained with the coarsest limestone on soil 
receiving 660 pounds of ammonium sulfate to the acre. This suggests a pos- 
sible value for finely-pulverized limestone, namely, the making available of 
nitrogen in the soil. 

TABLE 26 


The effect of fineness of division of pulverized limestone on the second successive crop of rape 
grown in drainage pots 


WEIGHT OF 


CROP DUPLICATES AVERAGE 


TREATMENT 


Without nitrogen 


grams 
19.8 
24.2 
20.8 
18.0 


12 grams (NH4)2SOx4 applied 


29.1 
$2.2 
33.0 
31.5 
25.3" 


* Poor growth observed. 


5. Large galvanized iron pots were devised for growing crops in the green- 
house and collecting drainage water. The analyses of the latter indicated that 
an increase in fineness of division of pulverized limestone was responsible for a 
decreased loss of ammonia and nitrate nitrogen, thereby conserving the 
nitrogen supply. There was an increased loss of calcium, however, which is 
an important consideration from the standpoint of economy in the application 
of lime. 

6. As in the preceding experiments an increase in fineness of division of 
pulverized limestone was responsible for a corresponding decrease in the 
lime-requirement of the soil. The titration of the acidity and alkalinity of 
the drainage waters indicated that an increase in fineness of division of pul- 
verized limestore was accompanied by a decrease in acidity as measured by 
N/10 NaOH and an increase in alkalinity as measured by N/10 HCl. 
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SUMMARY 


Considering as a whole the results set forth in this investigation, some 
interesting facts have come to light which appear to have a direct bearing 
upon the agricultural practice of liming. The influence of fineness of division 
of pulverized limestone, upon crop yield on various soils has been discussed, 
together with the effect upon the chemical and bacteriological factors of the 
soil. The more important points which have been established under the 
limitations of the experiment may be summarized as follows. 

1. An increase in fineness of division of pulverized limestone from 20 to 40, 
60 to 80, 100 to 200, to finer than 200-mesh is responsible for a proportional 
increase in the yield and total nitrogen content of crimson clover on several 
soil types (representing extensive fertile areas in the United States); and a 
corresponding decrease in lime-requirement. 

2. From the above standpoint there was little choice between burnt lime 
and 200-mesh limestone. 

3. Employing an apparatus devised for measuring the rate of neutraliza- 
tion of soil acidity by different grades of pulverized limestone, it was found 
that in three different soils the limestone finer than 60-mesh required about 
three weeks, while 20-mesh limestone required more than seven weeks to 
effect neutralization. An increase in the quantity of limestone required for 
neutralization was proportional to an increase in fineness of division of pul- 
verized limestone, for any given period of time. 

4, An increase in fineness of division of pulverized limestone is responsible 
for an increase in the activity of the bacteriological processes of ammonifi- 
cation, nitrification and nitrogen fixation (within certain limitations) as 
measured in soil and solution. This holds true regardless of whether the 
amount of limestone applied is less or somewhat more than the indicated Veitch 
lime-requirement. 

5. The increase in bacteriological activities with an increase in fineness of 
division of pulverized limestone may be correlated directly with the chemical 
factors involved, i.e., the rate of neutralization of acidity, etc., and also 
crop yield. 

6. With pots cropped to barley, buckwheat and rape (twice) which had 
been designed to permit the collection of drainage water, it was found that on 
a light open sandy loam the highest yields were obtained from soils treated 
with 60 to 80-mesh limestone. Two hundred-mesh proved superior to 20-mesh 
limestone but inferior to the former, because the material was probably washed 
down below the root zone. These results were paralleled both in the series 
with and without nitrogen, although the yields in the former case were superior 
to those in the latter. However, the fine limestone without nitrogen gave 
almost as high a yield in several instances as the coarse material with an appli- 
cation of 660 pounds of ammonium sulfate to the acre. The highest average 
per cent of nitrogen, however, was obtained with 200-mesh limestone. 
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7. An increase in the fineness of division of pulverized limestone was accom- 
panied by a reduction in the lime-requirement. An analysis of the drainage 
waters indicated that there was a decreased loss of ammonia and nitrate 
nitrogen but an increased loss of calcium. ; 

8. In general, an increase in the fineness of division of pulverized limestone 
is responsible for a proportional increase in crop yield, as well as for exerting 
a beneficial influence on the chemical factors in the soil. Furthermore, 200- 
mesh limestone may be regarded as effective as burnt lime. 

In conclusion, it is a privilege to express appreciation to Dr. J. G. Lipman 
for his valuable advice so generously rendered in the planning and execution 
of this investigation. The writer is also indebted to Professor A. W. Blair 
for his assistance and interest throughout the work; and to his colleagues in 
the laboratory for many timely suggestions. Thanks are due Dr. H. E. 
Kiefer, Mr. E. C. Carhart and Mr. E. Meyer for material furnished by them. 
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PLATE I 


Galvanized iron pots permitting collection of drainage water, cropped to barley. 

Treatment: 11, 12, Minerals + 12 grams (NH«)2SO,; 13, 14, Minerals + 12 grams 
(NH4)2SO, + 20-40 mesh limestone; 15, 16, minerals + 12 grams (NH,).SO, + 60-80 mesh 
limestone. 
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In earlier papers (2, 4) the authors have called attention to some of the 
factors which may influence the protein content of soybeans. It was pointed 
out, for example, that the shelled beans from limed plots contained a higher 
percentage of nitrogen than those grown on similar unlimed plots, and that 
this was true for all the varieties experimented with. 

A continuation of the work has confirmed the earlier results, and has further 
shown that what is true of the shelled beans is also generally true of the top 
part of the plant when harvested as forage or as dry stalks, and of the roots 
with their accompanying nodules. 

In this connection it was suggested by the senior author that a count of the 
nodules on the roots of plants from limed and unlimed plots might throw some 
light on the subject. 


METHOD OF CONDUCTING THE EXPERIMENT 


The soil on which this experiment was carried ovt is a loam of fair quality, 
but previous to 1908 it had been neglected. In the spring of 1908 certain 
of the plots received a treatment of ground limestone at the rate of 2000 pounds 
per acre, and in 1913 a further treatment at the rate of 4000 pounds per acre. 
Other plots referred to as the “unlimed plots” have received no lime treat- 
ment. All plots receive annual applications of acid phosphate at the rate 
of 400 to 600 pounds per acre and muriate of potash at the rate of 100 to 200 
pounds per acre. Since 1908 the plots have been used for leguminous crops 
almost entirely and as this crop has been soybeans for the past four years the 
soil is now well inoculated, as shown both by luxuriant growth and the abun- 
dance of nodules on the roots. The soil originally contained about 0.09 to 0.10 
per cent of total nitrogen. The beans were planted about May 8 in rows 33 
inches apart. Germination was good and during the season they received 
the usual attention in the way of cultivation and hoeing. 


RESULTS FROM CROP HARVESTED AS FORAGE 


When the pods were well set, but before ripening had commenced, twelve 
plants were carefully removed from one of the rows of each of 6 varieties that 


1 The authors are indebted to Mr. H. C. McLean for the chemical analyses and to Mr. 
L. K. Wilkins for supervision of the field work. 
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were growing on limed and unlimed plots, and a count was made of the num- 
ber of nodules per plant. This count showed an average of 83.6 nodules per 
plant for the six varieties grown on limed plots, and 50 nodules per plant for 
the same varieties on unlimed plots. 

The number of nodules varied rather widely with the different varieties, 
but with all varieties the number was greater on the limed than on the un- 
limed plots. This would seem to substantiate further the generally accepted 
view that well limed soils, other things being equal, present more favorable 
conditions for inoculation, and therefore for the accumulation of atmospheric 
nitrogen by means of leguminous crops, than soils that are distinctly acid. 
The results obtained from the six varieties harvested as above described are 
given in table 1. 

With one exception only, the yield of dry matter, both tops and roots, is 
greater for the limed than for the unlimed plots. Likewise, with only one 
exception, the percentage of nitrogen in the dry matter, both tops and roots, 
is greater for the limed than for the unlimed plots. 

The average nitrogen content of the tops for the six varieties is—limed, 
3.08 per cent, and unlimed 2.67 per cent; and the average for the roots is— 
limed, 1.47 per cent, and unlimed, 1.24 per cent. It is thus shown that de- 
cidedly more nitrogen has been accumulated on the limed than on the un- 
limed plots. This is shown in the two columns at the right—the average 
amount in a single plant, root and top, for the limed plots being 0.71 gram 
and for the unlimed plots 0.43 gram. 

Manchu for the limed plots shows the highest percentage of nitrogen, both 
roots and tops, and also the largest amount of nitrogen recovered in the crop. 


RESULTS FROM THE MATURED CROP 


The beans on a portion of each one of the plots referred to above were 
allowed to ripen and were harvested by pulling up the entire plant. These 
were stood in bunches in the field until dry, when they were taken in and 
threshed and samples of both beans and stalks prepared for analysis. At the 
time of harvesting, the plants had shed practically all of the leaves so that 
these were left on the field in place of the roots. With the stalks were included 
the roots and also the bean hulls. 

The dry weights, calculated to the acre basis, together with the results 
of the nitrogen determinations are shown in table 2. 

Here, as with the forage, the yield of dry matter and percentage of nitrogen 
for both shelled beans and stalks, are, with slight exception, higher on the 
limed than on the unlimed plots. This, it may be pointed out, is in accord- 
ance with results secured in similar experiments conducted in 1914 (4) and 
1915 (2). 

The average yield of shelled beans for the six varieties (Cloud, Hollybrook, 
Ito San, Manchu, Ohio 9035 and Swan) on the limed plots is 19.3 bushels 
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per acre and for the same varieties on the unlimed plots it is 13.2 bushels per 
acre. The increase on the limed plots of 6.1 bushels per acre would more 
than pay for the lime, but since this is the fourth crop of beans since the 
last application of lime and all the crops were benefitted by the liming, the 
lime has been paid for long ago, and the 6.1 bushels represent net profit in 
addition to the increase in amount of stalks, which have some value. In 
1915 seven varieties on limed plots yielded, on an average, 6.5 bushels more 
than the same varieties on unlimed plots. 

Out of the fourteen varieties in 1916, only four fell below a yield of 18 
bushels per acre on the limed plots, while the Wilson gave a yield of 25.5 
bushels and Ohio 9035, Swan, Edna and Baird yielded between 20 and 25 
bushels per acre. The low yield secured with Tarheel must no doubt be 
attributed to the fact that this is a slow-growing late-maturing variety; had 
heavy frosts come early the yield would have been less, and possibly no beans 
would have matured. This variety, however, if given a long growing season, 
makes a heavy stem and leaf growth and for this reason would make an ex- 
cellent green-manure crop where land is not to be otherwise used during the 
summer and fall. The heavy growth is indicated by a yield of over two tons 
per acre of dry stalks. The yield of dry stalks is, without exception, larger 
on the limed than on the unlimed plots. For the six varieties that have corre- 
sponding unlimed plots, the yield is approximately 50 per cent greater, while 
the total nitrogen for these same varieties is just about 100 per cent greater. 

With only one exception (stalks from Manchu), the percentage of nitrogen 
in beans and stalks from limed plots is greater than it is from corresponding 
unlimed plots. This is in accord with the results of the past three years, 
reference to which has already been made. This is likewise in accord with 
results secured at the Massachusetts Agricultural Experiment Station with 
red clover (5). 

It is thus shown that the use of lime has consistently increased the yield of 
beans and stalks and has also given a feeding material richer in protein than 
that grown on unlimed plots. Special interest attaches to the total nitrogen 
recovered in seeds and stalks for the limed and unlimed plots. The lowest 
yield for a limed plot—71.68 pounds per acre—is greater by about 10 pounds 
than the highest yield on an unlimed plot. 

The following varieties, limed, gave a yield of nitrogen above 100 pounds: 
Baird, Ebony, Edna, Ohio 9035 and Wilson, with Swan almost at the 100- 
pound mark. The average for the six unlimed plots is 53.52 pounds, while 
the average for the six corresponding limed plots is 87.67, or an increase of 
more than 50 per cent. 

It is not possible to say how much of this nitrogen was gained from the 
air, and how much from the soil. It has been shown, however, from a num- 
ber of experiments covering a period of eight or nine years (3) that non- 
leguminous crops grown on nearby plots, where the soil is practically the same 
as that of the soybean plots, when unaided by nitrogenous fertilizers or 
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green manures, are not able to gain from this soil more than about 20 to 25 
pounds of nitrogen per acre, and while it does not necessarily follow as true, 
it seems reasonable to assume that the soybeans would probably not take from 
the soil more nitrogen than the other crops. This would mean, on an aver- 
age, about 65 pounds of nitrogen per acre taken from the air, and if allowance 
is made for the leaves which were left on the field, it would probably mean 
more. This is in fair agreement with results secured by means of cylinder 
experiments in an indirect way, where leguminous crops were used as a source 
of nitrogen in comparison with nitrate of soda and stable manure (1). 

This points to the soybean as a plant especially efficient as an accumulator 
of atmospheric nitrogen and emphasizes the desirability of its wider use as a 
means of maintaining the nitrogen and humus supply of the soil. 


SUMMARY 


1. Earlier experiments have shown that when soybeans are grown on limed 
and unlimed plots, the liming not only increases the yield of dry shelled beans, 
but also the nitrogen content of the beans. 

2. The results secured in 1916 confirm the earlier experiments and also 
show that liming increases the yield of forage when the crop is harvested 
either as hay or as dry stalks, and also increases the percentage of nitrogen 
in these materials. 

3. A count of the nodules on roots of plants taken up about the time the 
pods were fairly well filled showed an average of 83.6 nodules per plant on 
the limed plots and 50 nodules per plant on the unlimed plots. 

4, The average yield of shelled beans on the unlimed plots was 13.2 bushels 
per acre and the average on the corresponding limed plots was 19.3 bushels. 
The average percentage of nitrogen in the beans for unlimed plots was 5.73 
per cent and for the limed plots 6.15 per cent. In 1915 the corresponding 
percentages were 5.92 and 6.41, and in 1914 they were 6.21 and 6.70. 

5. The average yield of stalks was, for unlimed plots, 1342 pounds per 
acre, and for corresponding limed plots, 2041 pounds per acre. The average 
nitrogen content of stalks from the unlimed plots was 0.615 per cent and from 
the corresponding limed plots, 0.791 per cent. 

6. The average total yield of nitrogen recovered in the crop from the 
unlimed plots was 53.52 pounds per acre and the average for the corresponding 
limed plots 87.67 pounds per acre. 

7. Reasoning from the amount of nitrogen which non-leguminous crops, 
without the aid of commercial fertilizers or green manures, have drawn from 
nearby plots where the soil is similar, it is believed that as much as 65 pounds 
of this nitrogen was taken from the air. 
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INTRODUCTION 


The loss of nitrogen from decomposing manure under certain conditions 
of fermentation proceeds rapidly. Wagner (21) has shown that the nitrogen 
of urine can be transformed into ammonium compounds within 48 hours 
after being voided. Pfeiffer (14), Wildt (17) and Deherain (7) have re- 
ported results showing that under certain conditions of fermentation 
manures may lose as much as 42 per cent of their total nitrogen as the free 
element. Niklewski (13) states that doubt is unfounded as to the liberation 
of elementary nitrogen from decomposing manure in consequence of the co- 
operation between nitrifying and denitrifying bacteria. Dietzell (8), Bjorn- 
Anderson (2) and Pfeiffer (14) have proved that the addition of acid phos- 
phate to manure will prevent the liberation of nitrogen. Gerlach (9) has 
recently reported that the action of gaseous ammonia upon acid phosphate 
results in the formation of ammonium sulfate and calcium phosphate. This 
is evidence that the conservation of nitrogen in manure treated with acid 
phosphate is the result of a combination between ammonia formed and cal- 
cium sulfate furnished by the acid phosphate, rather than the prevention of 
the formation of ammonia. 

The treatment of manure with gypsum is also a common practice. Ex- 
periments in which this material was added to both solid and liquid manure 
have been reported by Schneidewind (15), Severin (16), Dietzell (8) and 
Bohme (3). The results show that a loss of more than 50 per cent of the total 
nitrogen may occur from untreated manure, but that when 5 to 10 per cent 
of calcium sulfate is added a very small loss of nitrogen occurs and that the 
nitrogen, in the case of urine, is almost completely changed to ammonium 
sulfate, and held as such. Work reported by the Copenhagen Station (6) 
and by Stoklasa (18) shows that the addition of sulfuric acid reduced the loss 
ef nitrogen from 75 per cent in untreated manure to almost nothing. Hall 
(10) and Schneidewind have each called attention to the harmful effects that 
may be caused by the application of gypsum-treated manure to the soil. 
The claim is made that sulfides produced by reduction of sulfate are poisonous 
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to growing plants. The results from the barnyard manure test plots of the 
Ohio Agricultural Experiment Station, where gypsum mixed with manure 
at the rate of 40 pounds per ton has been used since 1897, show no such ef- 
fect, but, on the other hand, a gain over the plots treated with manure alone. 
It is also shown by these results (reported in Circular 144, Ohio Agr. Exp. 
Sta.) that the manure designated as “stall manure” has produced larger crop 
yields than “yard manure,” thus proving that prevention of loss by leaching 
is necessary to realize the fullest return from reinforcing materials. 

The use of elementary sulfur as a reinforcing material for manure has not 
as yet received much attention. Street (19) in 1900 reported experiments 
planned for the purpose of studying changes which nitrogen of barnyard 
manure undergoes in presence of various fertilizing materials. Results of 
this work continued during two years showed that sulfur either in the form of 
commercial flowers of sulfur or as sulfate of iron has a marked effect in de- 
creasing the loss of ammonia. 

Cook and Hutchinson (5) report that the addition of 1 pound of sulfur per 
bushel of manure greatly reduced the number of flies hatched from manure, 
but that such heavy applications applied to the soil would undoubtedly have 
an injurious effect on plant growth. 

. J. C. Lipman and associates (11) have recently called attention to the bene- 
fit to be gained from treatment of compost heaps with sulfur and “floats” 
by furnishing available phosphorus. 


EXPERIMENTAL 


For the purpose of studying the influence of sulfur and other materials upon 
the fertilizing value of manure as measured by changes in its composition and 
the response made by growing crops, experiments with reinforcing materials 
were started at the Ohio Agricultural Experiment Station in May, 1915. 
The first experiment reported deals with the effects of sulfur, calcium sul- 
fate and acid phosphate upon the changes occurring in solid horse manure. 
Data pertaining to nitrogen, phosphorus and sulfur are included. Manure 
which is being treated in larger containers and under the conditions described 
is being applied after fermentation to small plots to determine the influence 
of the several treatments on soil conditions and plant growth. 

Under the second experiment the effect of the same reinforcing materials 
on the nitrogen content of cow’s urine is shown. 


Experiment with solid manure 


The horse manure used in this experiment had accumulated for about one 
week in box stalls, fine cut wheat straw being used as litter to facilitate mix- 
ing and sampling. The manure was mixed and all lumps pulverized to in- 
sure a complete intermixture of added materials. Four iots of about 30 
pounds each were weighed out and treated as follows: to no. 1 was added 
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342 grams of acid phosphate; to no. 2, 407 grams of calcium sulfate; and to 
no. 3, 90 grams of flowers of sulfur; the fourth lot was left untreated. After 
addition of the different materials the samples were again thoroughly mixed 
and appeared to be of uniform structure. About 25 pounds of each of these 
mixtures was placed in weighed containers and the remainder saved for 
analysis. 

The containers were 15 inches in diameter and 19 inches high, and were 
made with a cover that allowed a paraffin seal to be made. The only air 
admitted was through a glass tube extending to the bottom of the container 
through a rubber stopper in the center of the cover. The weight of container 
and contents was then obtained. Air was drawn through the apparatus for 


TABLE 1 
Changes in weight and loss of dry matter 
MANURE AND MANURE /|MANURE AND 
grams grams grams grams 

Total weight of mixture at beginning.......... . 8,471 11,632 11,726 17,211 
Total weight of mixture at end............... 8,201 11,392 11,176 10,505 
Total weight of dry matter at beginning....... 3,617 4,210 4,362 4,047 
Total weight of dry matter at end............. 2,829 3,441 3,408 2,731 
Percentage of dry matter lost................. 21.78 18.2 21.87 32.5 
Total weight of moisture at beginning......... 4,854 7,422 7,364 7,164 
Total weight of moisture at end............... 5,372 7,951 7,768 7,774 
Percentage of moisture at beginning........... 57.3 63.9 52.8 63.9 
Percentage of moisture at end................ 65.5 69.8 69.5 74.0 


3 hours on 3 days a week by means of a Crowell rotary pump, which 
drew 100 liters per hour through each container. The air drawn through the 
containers was first passed through three wash bottles containing sulfuric 
acid and sodium hydroxide and water, in the order named, and then conducted 
through the glass tubes to the bottom of the containers. The air was drawn 
from the outlet in the top of the container and passed first into a trap and then 
through sulfuric acid and sodium hydroxide solutions for absorption of am- 
monia and hydrogen sulfide. 

Loss of organic matter. After standing at room temperature from May 
7, 1915 to January 14, 1916, the cans and contents were weighed and mois- 
ture determinations made immediately. The data for moisture content and 
loss of organic matter are given in table 1. 

The results show that there was an appreciable loss of dry matter due to 
the destructive processes occurring during the fermentation of manure under 
the conditions to which it was subjected in this experiment. 
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The manure treated with flowers of sulfur lost only 18.2 per cent of its dry 
matter as compared with a loss of 32.5 per-cent from the untreated manure. 
The samples treated with acid phosphate and calcium sulfate lost approxi- 
mately the same amounts and only slightly more than the sulfur-treated 
manure. This is a reduction of more than 44 per cent in the loss of dry mat- 
ter from the manure when treated with sulfur, and a reduction of more than 
32 per cent by the addition of either acid phosphate or calcium sulfate. 

These treatments appear to have been unfavorable for the development of 
cellulose-dissolving bacteria, which rapidly destroy cellulose (12), the prod- 
ucts formed by their activities being immediately used by other microorgan- 
isms with the liberation of carbon dioxide and methane. 


TABLE 2 
Nitrogen loss and changes 
MANURE AND MANURE AND MANURE AND MANURE 
| SULFUR | CATON | UNTREATED 
grams grams grams grams 

Weight of total nitrogen at beginning.......... 66.0738) 94.8008} 89.1176) 96.4146 
Weight of total nitrogen at end............... 63.9678) 91.1360} 86.0552} 86.1410 
Weight of nitrogen lost. 2.1060} 3.6648) 3.0624) 10.2321 
Weight of nitrogen recovered as ammonia...... 0.0026} 0.0103) 0.0296) 0.0415 
Weight of nitrogen lost as free element or ex- 

Weight of water-soluble nitrogen at beginning ..| 30.83 42.80 43.85 | 41.14 
Weight of water-soluble nitrogen at end....... 6.31 14.69 14.52 | 12.81 
Percentage of original water-soluble nitrogen 

79.53 65.6 66.88 | 68.8 


A dried and ground sample of the sulfur-treated manure at the end of the 
experiment gave an acid water extract, while that of the untreated manure 
gave an alkaline reaction. The fact that the manures contained more water 
at the end of the experiment than at the beginning indicates that the bacteria 
had optimum working conditions so far as the moisture content was 
concerned. 

Changes in nitrogen content. The amounts of different forms of nitrogen 
found in the manure before and after fermentation are given in table 2. Since 
a small amount only of the total nitrogen content was evolved as ammonia 
from the untreated and treated manure, it appears that the conditions of 
fermentation existing during the experiment were not favorable for the lib- 
eration of appreciable quantities of ammoniacal nitrogen. The weights of 
nitrogen evolved from the different samples as ammonia and as free nitrogen 
are shown in table 2. 
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Total nitrogen. The three lots of treated manure have lost approximately 
the same amounts of total nitrogen, viz., 3.5 percent. This figure compared 
with a loss of 10.5 per cent in the untreated manure shows that there was a 
conservation of nitrogen by the reinforcing materials used. Since only a 
small amount of ammonia was recovered, nitrogen must have been lost as 
free nitrogen. 

The treatments either have made conditions unfavorable for ammoniacal 
fermentation or have been efficient in preventing the escape of ammonia which 
may have been produced. The latter view appears to furnish the more 
correct explanation when the results obtained are considered in more de- 
tail. 

The acid phosphate treatment, no doubt, furnished sufficient calcium 
sulfate to combine with ammonia as it was produced, forming ammonium 
sulfate. A reaction may also have taken place to some extent between mono- 
calcium phosphate and ammonia. In the sample treated with calcium sul- 
fate the ammonia formed would also be held as ammonium sulfate. Evi- 
dence of the effectiveness of calcium sulfate in this respect is furnished by re- 
sults obtained in the second experiment reported where liquid manure was 
treated with calcium sulfate. The fact that the manure treated with sulfur 
developed acidity equivalent to 24 grams of sulfuric acid during fermentation 
is evidence that this acidity may have been responsible for the retention of 
nitrogen as ammonia where sulfur was used in this experiment. The con- 
ditions maintained were evidently such that the loss of free nitrogen was 
brought about by denitrification processes developing between periods of 
aeration or during the latter part of the experiment, during which time the 
containers were aerated to a less extent than previously. 

Water-soluble and non-proteid nitrogen. There is, under all conditions of 
manure fermentation, a transformation of water-soluble nitrogen to insoluble 
nitrogen, which is due to the utilization of ammonia and other soluble com- 
pounds of nitrogen by bacteria. In this experiment the effect of bacterial 
activities during fermentation of the untreated manure and that treated 
with gypsum and sulfur has been to change approximately 67 per cent of the 
water-soluble nitrogen originally present to some form insoluble in water. 
In the acid phosphate-treated manure there was a greater decrease in the 
water-soluble nitrogen content, about 80 per cent being changed to insoluble 
nitrogen. The supply of soluble phosphorus furnished may have favored the 
development of bacteria. 

During fermentation about 70 per cent of the non-proteid nitrogen pres- 
ent in the untreated manure and that treated with sulfur and calcium sul- 
fate at the beginning of the experiment has been changed to proteid nitrogen. 

The decreased content of water-soluble nitrogen and the increase in proteid 
nitrogen shows the effect of fermentation on solubility and availability of 
the nitrogen compounds of manure. 

The work of R. A. Berry (1) regarding these changes in nitrogen content 
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of manure during storage shows that the solubility of nitrogen is decreased 
considerably during fermentation. 

Changes in phosphorus. The analytical data pertaining to changes in the 
solubility of phosphorus in the different lots of manure are given in table 3. 
With the exception of the manure treated with acid phosphate, the total 
phosphorus content is approximately the same. 

Water-soluble and citrate-insoluble phosphorus. During the fermentation 
of untreated manure the solubility of the phosphorus was decreased 24 per 
TABLE 3 

Changes in phosphorus 


MANURE AND MANURE |MANURE AND MANURE 
grams grams grams grams 
Weight of phosphorus before and after fermen- 

Weight of water-soluble phosphorus at beginning} 10.81 6.53 Siz 5.68 
Weight of water-soluble phosphorus at end..... 4.05 4.23 2.21 4.28 
Percentage of original changed ............... 62.53 35.2 56.83 24.6 
Weight of phosphorus soluble in 0.2 per cent 7B 

Weight of phosphorus soluble in 0.2 per cent 

Percentage of original changed............... 62.67 41.2 69.10 40.6 
Weight of phosphorus soluble in 0.2 per cent 

21.92 4.57 4.24 3.74 
Weight of phosphorus soluble in 0.2 per cent 

Weight of inorganic phosphorus at beginning ...} 8.18 242 2.35 1.94 
Weight of inorganic phosphorus at end........ 12-23 6.47 2.40 5.03 
Weight of citrate-insoluble phosphorus at begin- 

Weight of citrate-insoluble phosphorus at end...} 3.77 2.78 2.30 213° 
Percentage of original changed................ 13.92 3.4 19.01 40.0 


cent. The reduction of water-soluble phosphorus in the manure treated with 
acid phosphate was 62 per cent of the soluble phosphorus present at the be- 
ginning of the experiment. As the acid phosphate added contained 5.8 
per cent of water-soluble phosphorus, the greater decrease in solubility was 
that of soluble phosphorus added. Calcium sulfate has actively decreased 
the solubility of phosphorus originally present. If depression of solubility 
of phosphorus in fermenting manure is due to the function which phosphorus 
performs in the life cycle of bacteria, it would seem that calcium sulfate had 
stimulated bacterial activities. 
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The amount of citrate-insoluble phosphorus in all the samples was less 
after fermentation than before, showing that during fermentation there has 
been a change from insoluble to citrate-soluble forms. The greatest change 
is found in the untreated sample, in which 40 per cent of the original citrate- 
insoluble phosphorus has been changed to forms soluble in neutral ammonium 
citrate solution. The acid phosphate and calcium sulfate samples show a 
change of 13 and 19 per cent, respectively; the change in manure treated with 
sulfur was very small. The results for water-soluble and citrate-insoluble 
phosphorus show that, while there has been a loss of water-soluble phosphorus 
during fermentation, at the same time there has occurred an increase of phos- 
phorus soluble in neutral ammonium citrate. Similar results are reported 
by Tottingham and Hoffman (20). 

Inorganic phosphorus. The results obtained for inorganic phosphorus by 
the method (4) used show that the amount present at the beginning of the 
experiment has been increased during fermentation, except in the case of the 
calcium sulfate-treated manure, where the same amount was found at the 
end of the experiment as at the beginning. 

Solubility of phosphorus in 0.2 per cent sodium hydroxide solution has 
- been reduced in all the samples by approximately 50 per cent of the amount 
originally present. Aside from having a solvent action on iron and aluminum 
phosphates possibly present, it would be expected that the action of dilute 
alkali would be greater on organic phosphorus compounds than on inorganic 
phosphates. There has been a decidedly increased solubility of phosphorus 
in 0.2 per cent hydrochloric acid, and this increase has been greater in the 
manure to which no phosphorus was added. 

The comparative solubility of phosphorus in 0.2 per cent hydrochloric 
acid and water, before and after fermentation, is of interest as indicating a 
change from organic to inorganic phosphorus. With the exception of manure 
treated with acid phosphate, less phosphorus was soluble in 0.2 per cent acid 
than in water at the beginning of the experiment, while after fermentation 
ihe acid-soluble phosphorus exceeded the water-soluble. The reduced solu- 
bility of phosphorus in dilute alkali and the increased solubility in acid, con- 
sidered in connection with results obtained for inorganic phosphorus, furnish 
evidence of the change from organic to inorganic phosphorus during the period 
of fermentation, under the conditions of this experiment. 

Changes in sulfur. Considerable quantities of sulfur were evolved as hy- 
drogen sulfide from the treated and untreated manure during fermentation. 
The formation of hydrogen sulfide, however, proceeded at a much slower 
rate in the untreated than in the manures treated with sulfur, calcium sul- 
fate and acid phosphate. A measure of the hydrogen sulfide evolved was 
obtained by determining the sulfur content of the sodium hydroxide solutions 
used in the absorption of hydrogen sulfide. The weights of sulfur which were 
evolved as hydrogen sulfide were as follows: From manure treated with sul- 
fur, 9.29 grams; manure treated with acid phosphate, 6.01 grams; manure 
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and calcium sulfate, 3.46 grams; and from the untreated manure, 0.3867 
grams. These figures show that the largest amount for hydrogen sulfide 
was obtained from the sulfur-treated manure. 

The odor of the air exhausted from the containers indicated that organic 
compounds were being evolved and not absorbed by the acid and alkali solu- 
tions through which the air was passed. 

Determination of water-soluble sulfates in the sulfur-treated manure showed 
the presence of sulfates equivalent to 15.2 grams of sulfuric acid at the begin- 
ning and 38.6 grams at the end of the experiment. This is a production of 
sulfates equivalent to 23.4 grams of sulfuric acid during the period of fermen- 
tation. The untreated manure showed a loss of sulfates equivalent to 4 
grams of sulfuric acid which is due in part to the evolution of hydrogen 
sulfide. 

The results obtained by titrating the boiled water extracts of the sulfur- 
treated and untreated manure with tenth-normal alkali solution gave the same 
indications as were obtained by the determination of water-soluble sulfates 
in two samples. Water extracts of both the sulfur-treated and untreated 
were acid in reaction at the beginning of the experiment, while after fermen- 
tation the sulfur-treated manure had increased in acidity and the untreated 
manure had become alkaline in reaction. 


Experiment with liquid manure 


The effect of sulfur, calcium sulfate and acid phosphate on liquid manure 
was studied under the following conditions: 500-cc. portions of cow’s urine 
were placed in 2-quart jars and the materials referred to added in amounts 
as shown in table 4. The jars were covered with cheesecloth and placed in 


TABLE 4 
Changes in nitrogen content of liquid manure 
WEIGHT 
WEIGHT | WEIGHT “or 
TREATMENT | | AMMONT GAIN 
AT END 
grams grams per cent grams grams grams 
27 grams acid phosphate........ 5.09 4.83 | 0.2 | 0.4642 | 0.2642 
5.09 4.58 | 10.0 0.2 | 0.2923 | 0.0923 
27 grams calcium sulfate........ 5.09 4.595 | 9.72 0.2 }.3.4750'| 3.2750 
5.09 0.989 | 80.58 0.2 | 0.4299 | 0.2299 


a room free from ammonia fumes and allowed to stand from July 8 to August 
14, 1916. The contents of the jars were stirred at regular intervals during 
this period. The results reported showing a loss of total nitrogen and the 
changes in ammoniacal nitrogen occurring in the several portions are the aver- 
age of duplicate determinations upon duplicate jars. 
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The untreated urine lost 80 per cent of its total nitrogen. While the ad- 
ditions of sulfur, calcium sulfate and acid phosphate have considerably de- 
creased this loss, the results show that acid phosphate has been most effective 
in this respect. 

The quantities of ammoniacal nitrogen found in the treated portions of 
urine, as compared with the ammoniacal nitrogen content of the untreated 
portion at the end of the experiment, afford an explanation of how the treat- 
ments have operated in preventing loss of nitrogen. In the case of urine 
treated with calcium sulfate, the weight of ammoniacal nitrogen at the end 
of the experiment was only slightly less than the total nitrogen content, in- 
dicating that ammonia was transformed into ammonium sulfate and held 
in this form as rapidly as it was produced. 

As the ammoniacal nitrogen content of acid phosphate-treated urine at 
the end of the experiment is only slightly increased over that of the untreated 
portion, acid phosphate has prevented the formation of an appreciable amount 
of ammonia, during the period from July 8 to August 14. The same conclu- 
sion can be drawn from the results for the sulfur-treated urine. 

Some time after the period during which the experiment was continued, 
the formation of ammonia in the acid phosphate-treated portion developed 
rapidly. After the removal of a part of the contents of the jars on August 
14 for determination of total and ammoniacal nitrogen the jars were sealed 
and allowed to stand until December 7. Upon opening the jars at this time 
the acid phosphate-treated sample was found to be alkaline and evolving am- 
monia at such a rapid rate that red litmus paper suspended in the jar was 
quickly changed from red to blue. This is of considerable interest in view of 
the fact that acid phosphate was most effective in decreasing loss of total ni- 
trogen, and at the same time prevented the formation of ammoniacal nitrogen 
during the period from July 8 to August 14. 


SUMMARY 


The loss of dry matter from manure after fermenting for 250 days was 
32.5 per cent in untreated manure and 21.8 per cent from manures treated 
with acid phosphate and calcium sulfate, while the sulfur-treated manure 
lost 18 per cent. 

Manures treated with acid phosphate, sulfur and calcium sulfate lost ap- 
proximately 3.5 per cent of their total nitrogen as compared with a loss of 
10.5 per cent from the untreated manure. 

The water-soluble and non-protein nitrogen were greatly reduced during 
fermentation.’ 

The water-soluble phosphorus has been decreased in all the samples, but at 
the same time the citrate-insoluble has also been decreased. 

The solubility of phosphorus in 0.2 hydrochloric acid has been increased, 
and the organic phosphorus was greatly decreased during fermentation. 


88 J. W. AMES AND T. E. RICHMOND 


The three treated manures evolved large amounts of hydrogen sulfide. 
The largest amount was evolved from manure to which sulfur was added. 

The manure treated with flowers of sulfur produced water-soluble sulfates 
equivalent to 23.4 grams of sulfuric acid, as compared with a loss of about 
4 grams from the untreated sample during fermentation. 

The acidity of water extracts of untreated and sulfur-treated manure was 
the same at the beginning of the experiment, but during fermentation the 
sulfur-treated manure increased in acidity, while the untreated sample became 


alkaline. 
Sulfur, calcium sulfate and acid phosphate were very effective in prevent- 
ing loss of nitrogen from urine. The untreated urine lost 80 per cent of its 


total nitrogen. 

Treatment with sulfur reduced the loss of nitrogen to 10 per cent and pre- 
vented formation of ammonium salts. 

The calcium sulfate-treated sample lost 9.7 per cent of its nitrogen, and 68 
per cent of its total nitrogen was transformed to ammonium sulfate and held 
as such. 

The urine treated with acid phosphate lost only 5 per*cent of its nitrogen, 
and the treatment prevented the formation of ammoniacal nitrogen in an open 
container during the 37-day period of the experiment. 

After standing in a closed jar three months longer, the acid phosphate- 
treated urine was found to be alkaline and evolving ammonia. 
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